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Preface 



Indisputably, the laser is a key technology in highly industrialized economies. 
In many industries, application of the laser in materials processing has mod- 
ified fabrication processes with speed, quality, reliability, and flexibility of 
manufacturing having been substantially increased. Nevertheless, with re- 
spect to its technical potential and market diffusion, laser processing is still 
far away from saturation. Among other things, this is due to process technolo- 
gies not sufficiently adapted to laser employment and to the fact that today’s 
laser systems are generally heavy and voluminous with relatively high costs 
for operation and maintenance. 

This situation is going to change profoundly as the diode laser is on the 
move to revolutionize laser technology, as the transistor did with electrical 
engineering. Diode lasers have long been used as light emitters in fiber-optic 
telecommunications, as barcode readers, and for implementing the write-read 
functions of optical disks. Nowadays, diode lasers do not merely deliver bits 
but also optical power. They are increasingly found in applications such as 
materials processing (welding, cutting, drilling, derusting, surface harden- 
ing, etc.) as well as in printing and graphical arts, in displays, and medical 
applications. 

In fact, since the advent of the high-power diode laser, laser technology 
is experiencing a fundamental structural change, as this semiconductor de- 
vice has become the key element of a new breed of laser systems that are 
competing with gas lasers and lamp-pumped solid-state lasers. High-power 
diode lasers are continuously making inroads into industrial applications, as 
they are compact, easy to cool, yield a power efficiency beyond 50%, which 
is about five times higher than any other kind of laser has to offer, and 
their costs are becoming increasingly attractive. To exploit the tremendous 
application potential of high-power diode lasers, research and development 
(R & D) programs are performed in many industrial countries. 

Such programs are operational in Germany as well. The idea to write this 
book arose when R & D teams from research institutes and industry combined 
their forces to cooperate in a network the objectives of which were to get ac- 
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cess to high-power diode lasers with increasing power, brightness and lifetime, 
to reliable mounting technologies for fabricating high-brightness laser mod- 
ules, and to demonstrate novel all-solid-state laser systems. As the general 
coordinator of this network the editor accepted the responsibility to moti- 
vate a team of authors who are actively researching the field of high-power 
diode lasers. Their competence, knowledge, experience, viewpoints, ideas and 
visions have been brought together to bring into existence this update mono- 
graph on the principles, technology, and innovative applications of high-power 
diode lasers, summarizing the state-of-the-art in a greatly dynamic field at 
the threshold to a new millennium. 

Readers who want a fundamental introduction to the underlying physical 
principles, design considerations, and the basics of device technology will find 
the first contribution by Peter Unger a compact stand-alone monograph on 
diode lasers for high-power operation. Those who want to probe further will 
find an extensive theoretical treatment of the microscopic spatio-temporal 
dynamics of large-active-area high-power diode lasers and their impact on the 
macroscopic laser characteristics in the contribution by Edeltraud Gehrig and 
Ortwin Hess. From a practical point of view, the analysis and prediction of the 
temporal and spatial dynamics of broad-area lasers are extremely important 
when designing high-power diode-laser systems. 

Ideal material systems to fabricate high-power diode lasers are the III- 
V compound semiconductors. Through solid solutions among various III-V 
materials, a large spectrum of laser wavelengths has become accessible. It 
ranges from the blue to the mid-infrared, being extended to the far-infrared 
through the unipolar quantum cascade laser. Power performance is so far 
restricted to wavelengths ranging from 630 nm to 1600 nm. One of the key 
steps in the fabrication of high-power diode lasers is the epitaxial process. 
Sophisticated stacks of III-V epilayers comprising up to 100 single layers have 
to be deposited with high crystalline quality. Markus Weyers and coauthors 
describe in detail the technologies and peculiarities of epitaxy for high-power 
diode-laser layer structures. 

Despite the tremendous progress III-V epitaxy has made in the last 
decade, nothing would have been achieved if low-dislocation-density sub- 
strate wafers were not to hand. As gallium arsenide (GaAs) is by far the 
most important substrate material for high-power diode lasers, the contri- 
bution by Georg Muller et al. has been solely and comprehensively devoted 
to the growth of GaAs-substrate crystals of high perfection, emphasizing the 
importance of a sound materials base for long-lifetime devices. 

Epiwafers of high crystalline perfection are patterned to laser structures 
by applying semiconductor process technologies rather similar to processes 
applied in microelectronics. High-power diode lasers usually come in the form 
of bars (approximately 10 mm x 0.6 mm) comprising about 25 monolithic 
groups of up to 20 parallel single-laser stripes. Gotz Erbert and coauthors 
present detailed design considerations, technologies and device characteris- 
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tics of single-diode lasers and bars with large optical cavities supported by 
sections on the simulation of thermal behavior and on reliability considera- 
tions. 

A major drawback of high-power broad-area diode lasers is their unsatis- 
factory beam quality. This allows only limited focusing of the total beam as it 
is the addition of many single beams. Hence, power density at the workpiece 
is limited as well, leaving high-power diode lasers with restricted application 
opportunities. But this is changing as they are going to pick up brightness 
to approach diffraction-limited performance by introducing special designs 
such as, e.g., the tapered resonator/amplifier. Two contributions address this 
important subject. Klaus-Jochen Boiler et al. report on properties of high- 
brightness diode-laser systems with their potential for frequency conversion, 
whereas Michael Mikulla addresses the design and performance of tapered 
diode lasers exhibiting both high power and high brightness. 

Output power per bar is approaching the 100 W level, which substantially 
reduces the cost per watt of delivered optical power. Crucial for reliability 
and lifetime of bars is proper heat sinking. Although power efficiency is ex- 
tremely high, one half of the absorbed pump power has to be removed as 
waste heat. Mounting high-power diode-laser bars on cooling elements re- 
quires high precision and the complete mastering of the electrical, thermal, 
and mechanical jnnction process. Peter Loosen describes practical aspects of 
heat sinking applying active coolers. 

By stacking many such mounted bars, optical output powers in the kilo- 
watt range can be achieved. This is the fundamental concept for direct-diode 
applications. Stacked arrays integrating sophisticated micro-optical beam 
shaping will push power densities to the 10® W / cm^ realm with the prospects 
to achieve even the MW / cm^ level - sufficient for the welding of sheet 
steel. For this purpose a large number of individual oscillators have to be 
coupled to a single powerful beam. Following Hans Opower’s introduction, 
Peter Loosen deals with currently applied methods of incoherent beam com- 
bining whereas Uwe Branch treats coherent beam combining, both to achieve 
direct-diode-laser systems with power levels of some kilowatts. 

Another approach besides coherent beam combining to achieve high 
brightness is the use of high-power diode lasers to pump solid-state lasers 
- one of the earliest applications of these semiconductor devices and still 
their predominant one - the solid-state gain medium acting as a brightness 
transducer. Diode-Pumped Solid-State Lasers (DPSSLs) are extending their 
presence at the expense of their lamp-pumped counterparts due to better 
beam quality, reduced maintenance, and an improving cost-of-ownership sit- 
uation. Classic DPSSLs will not be addressed in this book but rather novel 
concepts that became feasible only through diode pumping. Such a novel 
concept is the fiber laser. This type of laser promises innovative applications, 
as it is particularly attractive to couple the laser output to an optical fiber so 
that the optical power becomes available at the free end and can be directed 
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wherever the flexible fiber is placed. This confers a great deal of flexibility 
on the application of laser power previously unavailable to traditional lasers. 
Moreover, using double-clad fibers, multimode input is transformed to single- 
mode diffraction-limited output. Also, a new star in the laser sky is the disk 
laser - a thin diode-pumped crystal plate (approximately 0.2 mm thick and 
up to 12 mm in diameter) with axial cooling. It provides an optimum combi- 
nation of high beam quality, high efficiency, and high optical outpnt power. 
After their introduction to diode-laser pumping, Andreas Tiinnermann et al. 
treat in detail the fiber laser; Adolf Giesen and Karsten Contag summarize 
the still short history and current status of the disk laser. 

Finally, the editor wants to express his sincerest thanks to all his col- 
leagues who accepted the challenge and the burden to spend much of their 
free time and effort to author the various chapters, responding so construc- 
tively to the editor’s criticism, suggestions, and recommendations. Special 
thanks are due to the German Federal Ministry of Education and Research 
(BMBF) and to the VDI Technology Center for consistent support of the joint 
effort which yielded most of the results reported in this book. Furthermore 
the team of authors owes thanks to Werner Skolaut and Claus Ascheron of 
Springer- Verlag Heidelberg for their patience and continuous support. Last 
but not least the editor thanks his wife Christel for forgiving her husband’s 
virtual absence during countless weekends, and for gallons of good coffee. 



Freiburg, June 2000 



Roland Diehl 
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Introduction to Power Diode Lasers 



Peter Unger 

Department of Optoelectronics, University of Ulm, 

89069 Ulm, Germany 

peter . ungerOe-technik . uni-ulm . de 



Abstract. An introduction to the physics, design, and fabrication of semiconduc- 
tor-diode lasers is presented with emphasis on high-power operation. Beginning 
with a general section about fundamental aspects and elementary physics of these 
optoelectronic devices, topics like optical gain, quantum-well structures, optical 
resonators, mirror coatings, optical waveguides, mode patterns, beam profiles, laser 
rate equations, device properties, high-power design, epitaxy, and process technol- 
ogy are discussed in more detail. 

1 Fundamental Aspects of Diode Lasers 

This section provides a basic understanding of the physical phenomena in 
diode lasers. A more comprehensive treatment can be found in books on 
solid-state physics [1], semiconductor physics [2,3], optoelectronics [4, 5, 6, 7], 
and semiconductor-diode lasers [8,9,10,11,12]. 

1.1 Emission and Absorption in Semiconductors 

Gas and solid-state lasers have electronic energy levels which are nearly as 
sharp as the energy levels of isolated atoms. In semiconductors, these en- 
ergy levels are broadened into energy bands due to the overlap of the atomic 
orbitals. In an imdoped semiconductor with no external excitation at a tem- 
perature of T = OK, the uppermost energy band, called the conduction band, 
is completely empty and the energy band below the conduction band, called 
the valence band, is completely filled with electrons. Conduction and valence 
bands are separated by an energy gap, which has a value of Eg = 0.5-2.5eV 
for semiconductor materials which power diode lasers are made of. 

Two types of carriers contribute to electronic conduction, these are elec- 
trons in the conduction band and holes (missing electrons) in the valence 
band. A free electron has a kinetic energy of E = p^/{2mo) where mo = 
9.109 534 X 10“^^ kg is the free-electron rest mass and p the mechanical 
momentum. When treated as a quantum-mechanical particle, the momen- 
tum p = hk is proportional to the wavenumber k = 27t/A with the re- 
duced Planck constant h = /i/(27t) = 6.582173 x 10“^®eVs and the wave- 
length A. Thus, for a free electron, the dependency of energy versus wavenum- 
ber is E{k) = (?i^fc^)/(2mo). In semiconductors, the electron energies in the 
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conduction band Ec{k) and in the valence band E^ik) behave similarly for 
small wavenumbers k. 

"()" g + v(fc)--^- (1) 

Figure 1 shows this behavior which is called the nearly-free carrier approx- 
imation. The interaction of the carriers with the solid-state lattice is taken 
into account by the introduction of effective masses for the electrons rUe 
and for the holes ruh which are in general different from the free-electron 
rest mass ttiq. Since the E(k) dependence in the valence band is a negative 
parabolic curve, holes can be regarded as particles with positive charge. 

Radiative band-to-band transitions are generation and recombination of 
electron-hole pairs associated with absorption or emission of photons. For 
these transitions, conservation of energy E and momentum fik must be ful- 
filled. Due to the high value for the speed of light c = 2.997 925 x 10^° cm/s, 
the momentum of the photon hk = huj/c = ifph/c for photon energies ifph 
in the 0.5-2.5eV range can be neglected in comparison to the momentum 
of the electronic carriers. Thus, a radiative transition between an electron in 
the conduction band with energy E 2 {k 2 ) and a hole in the valence band with 




Fig. 1. Parabolic band structure E(k) for electrons in a direct semiconductor. The 
conduction band is separated from the valence band by an energy gap E^. A recom- 
bination of an electron at £^2(^2) in the conduction band and a hole at Ei{ki) in 
the valence band generates a photon with energy fiuj. Since the momentum of the 
photon Tik is negligibly small, radiative electronic transitions between conduction 
and valence bands only occur at the same wavenumber k 
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energy Ei(k\) under emission or absorption of a photon can only occur at 
the same wavenumber k. 



iJph = Tujj = E 2 — El , k2 = ki . (2) 

As shown in Fig. 1, these transitions can be illustrated by vertical ar- 
rows with the length of the photon energy Tllu pointing upwards for genera- 
tion and downwards for recombination of an electron-hole pair. In thermal 
equilibrium, the carriers tend to occupy the states with lowest energy. For 
electrons, these are states at the minimum of the conduction band. On the 
ordinate axis of a band diagram, the electron energy is plotted; therefore, 
the minimum energy of the positively charged holes is in the maximum of 
the valence band. The valence-band maximum and the conduction-band min- 
imum of direct semiconductors are both located at the point fc = 0. In indirect 
semiconductors like silicon and germanium, minimum and maximum have dif- 
ferent fc-values; therefore, band-to-band recombinations can only occur with 
the contribution of phonons or traps. These transitions are unsuitable for 
laser activity, because the spatial density of phonons and traps is very low. 
Furthermore, they are mostly nonradiative and rather unlikely since more 
partners are involved. 

In thermal equilibrium at a temperature T, the probability whether a 
state with the energy level E is occupied by an electron is expressed by the 
Fermi function f{E,T). 



f{E.T) 




( 3 ) 



At r = OK, the Fermi function is a step function which has a value 
of 1 (all electronic states filled) below the Fermi-level energy Ep and a value 
of 0 (all states empty) for higher energies. In undoped semiconductors, the 
Fermi level is located in the middle between conduction and valence band 
edges. For higher temperatures T, the Fermi function is smeared out in the 
range Ep ± 2kpT, with kp = 8.617 347 x 10“®eV/K being the Boltzmann 
constant. 

For a fixed photon energy huj, it is entirely correct to consider only two 
discrete energy levels Ei(k) and i? 2 (fc) since the transition can only occur 
at the same wavenumber k as illustrated in Fig. 1. Three types of radiative 
band-to-band transitions can be found in semiconductors, which are sketched 
in Fig. 2. The first process is called spontaneous emission, where a recom- 
bination of an electron-hole pair leads to the emission of a photon. This is 
the predominant process in Light-Emitting Diodes (LEDs). The emission of 
the photon is random in direction, phase, and time resulting in incoherent 
radiation. Since this process depends on the existence of an electron at E 2 
and a hole at E\ simultaneously, the transition rate for spontaneous emis- 
sion 'R-sp is proportional to the product of the electron density at E 2 and 
the hole density at E\. The electron density at the energy E 2 is the product 
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Fig. 2. Radiative band-to-band transitions in semiconductors 



of the density of electronic states D{E 2 ) and the probability that they are 
occupied by electrons given by the Fermi function f{E 2 , T). The hole density 
at the energy Ei is the density of electronic states D{Ei) multiplied with 
the probability of not being occupied by electrons [1 — f{Ei,T)]. So, the 
transition rate per volume for spontaneous emission of photons with fixed 
energy huj = E 2 — Ei can be written as 

n,p = AD{E2)f{E2,T)D{E^)[l-f{E^,T)\ , (4) 

with A being the proportionality constant for spontaneous emission. 

Absorption, also called stimulated absorption, is the second process illus- 
trated in Fig. 2. A photon is absorbed and an electron-hole pair is gener- 
ated. This is a three-particle process and the transition rate TZ \2 therefore 
is proportional to the product of three particle densities: first, the density of 
nonoccupied states I? (if 2 ) [1 — f{E 2 ,T)] in the conduction band at the en- 
ergy E 2 , second, the density of states occupied by electrons D{Ei) f{Ei,T) 
in the valence band at ifi, and third, the density of the photons piTiw) with 
energy hoj = E 2 — Ei. 

TZi2=Bi2p{nio)D{Ei)f{E^,T)D{E2)[l-f{E2,T)] . (5) 

Bi 2 is a proportionality constant for stimulated absorption. 

The third process is stimulated emission. A recombination of an electron- 
hole pair is stimulated by a photon and a second photon is generated si- 
multaneously which has the same direction and phase as the first photon. 
This process can be used to amplify optical radiation, since the photons are 
emitted into the optical mode of the stimulating photon resulting in coher- 
ent radiation. Light sources based on this emission process are called lasers, 
which is an abbreviation of light amplification by stimulated emission of ra- 
diation. Analogous to the stimulated absorption (5), the transition rate TZ 2 i 
for stimulated emission can be described as 

7^2l = B 21 pihio) D{E2)f{E2,T) D{Ei) [1 - /(Ai, T)] , (6) 

with B 21 being the proportionality constant for stimulated emission. 
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When the semiconductor is in thermal equilibrium with the photons, iro 
energy is transferred from the semicoirductor to the optical radiatioir field; 
thus, absorption aird emission must be balanced: 



Tii2 — TZ21 + Tlsp ■ 



( 7 ) 



Using (4), (5), and (6) for the rates TZsp, TZi 2 , and 7?-2i, respectively, gives 

B 21 p{hu) + A ^ /(jfi,T) [I- f{E2,T)] 

B^2p{noj) f{E2,T)[l- f{E,,T)Y 

f{E,,T)-f{E,,T)f{E2,T) 

B,2 Bi2 p(M f{E2,T)~ f{Ei,T)f{E2,T) 

= ( 9 ) 

/(Bl.T) ^ 



The spectral photoir density p(fiuj) in thermal equilibrium does not depeird 
on the specific function for the density of states D{E). Insertiirg the Fermi 
fuirctioir f{E, T) from (3) and the relatioir %uj = E 2 — E\ (2), gives 




The spectral eirergy density u(y) dv at the frequeircy v iir a medium with 
refractive iirdex n for radiatioir in thermal equilibrium is given by Planck’s 
well-known formula for blackbody radiation. 



u{v) dv 







dv . 



( 12 ) 



Dividing the energy density u(y) by the photon energy fiuj yields the pho- 
ton density p{fiuj). Additionally, the relations lo = 2ttv, h = 27 t ? i , and d(T%io) = 
d{hv) = hdv have been used. 



p(Tiuj) d{fiuj) 



{fiujf 
TT^ TY 




d{huj) . 



(13) 



In thermal equilibrium of the semiconductor material with the radiation 
field, the spectral photon density described in (11) must be identical with 
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the photon density of the blackbody radiation described by (13). Comparing 
these equations gives 

Bu = B2i = B, A= —^{ncufB. (14) 

With the knowledge of these relations between the proportionality con- 
stants, the considerations can be extended to nonequilibrium conditions. 
When a p-n junction is forward biased, electrons and holes are injected into 
the depletion region where they can either recombine or travel further to the 
other side of the junction and recombine there with the majority carriers. In 
the transition zone, where electrons and holes coexist, the carrier distribu- 
tion cannot be described by a single equilibrium Fermi function (3). Instead, 
separate quasi-Fermi functions are used for the electrons in the conduction 
band fc{E,T) and for the holes in the valence band fy{E,T). 



fc{E,T) 



1 



exp 



( 



E—Epc \ 
kBT ) 



5 

-kl 



Ue,t) 




(15) 



The equations are identical to the equilibrium Fermi function but differ- 
ent Fermi-level energies Epc and ifpv are employed for the carrier distri- 
butions in the conduction and valence bands, respectively. The nonequi- 
librium situation can be described by replacing f{Ei,T) f^{Ei,T) and 
f{E2,T)^ME2,T). 

To determine whether an optical wave with quantum energy hcu is ab- 
sorbed or amplified by stimulated emission, the quotient of the corresponding 
rates TZi 2 and 7?.2i is calculated. 



Ei2 

E.21 



Me,,t)[i-ME2,t)] me,,t) - meuT) me2,t) 

UE2,T) [1 -/v(ifi,T)] UE2,T) - f,(E^,T) UE2,T) 



1 _ 1 
fc{E2,T) ^ 



exp 



E2 — Epc \ 
, feBT ) 



MEi.T) 



- 1 



exp 



E-] —Epv \ 

, feeT i 



= exp 



huj — {Epc — Ep^) 



(16) 



Again, the result does not depend on the specific density of states D{E). 
In thermal equilibrium Epc = Ep^ = Ep, the exponent [huj / (kBT)] is posi- 
tive, the exponential function is larger than 1, and therefore the absorption 
rate TZi 2 is always larger than the rate TZ 2 i of the stimulated emission. Laser 
operation in semiconductors can only be achieved if the condition 

Epc — F/pv > > Eg (17) 

is fulfilled. In this status, which is called inversion, the exponential function is 
smaller than 1 and the rate of stimulated emission is larger than the absorp- 
tion rate. Laser operation requires a process called pumping which builds up 
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and maintains a nonequilibrium carrier distribution in the semiconductor ma- 
terial. From (16) it can be deduced that a laser-active transition always shows 
absorption in thermal equilibrium. Although pumping can also be provided 
by optical excitation of electron-hole pairs, one main advantage of semicon- 
ductor lasers over other types of lasers is the fact that they can be easily 
pumped with electrical currents as a forward-biased semiconductor diode as 
shown in Fig. 3. For this reason, electrically pumped semiconductor lasers 
are called diode lasers. 

All state-of-the-art semiconductor-diode lasers use forward-biased double- 
hetero p-i-n structures to achieve carrier inversion. In this type of structure, 
an undoped semiconductor layer with a direct band gap is sandwiched be- 
tween p-doped and n-doped material with a higher band gap. When the 
junction is forward biased, the quasi-Fermi levels Apc and E-p^ in the intrin- 
sic layer are located inside the conduction and valence bands as illustrated 
in Fig. 3. Thus, this region acts as a laser-active layer which amplifies optical 
radiation by stimulated emission. Furthermore, the double heterostructure 
has two additional advantages. First, the carriers (electrons and holes) are 
confined between the double heterobarriers in the conduction and the valence 
bands and are therefore forced to recombine inside the intrinsic layer of di- 
rect semiconductor material. Second, this layer sequence works like an optical 
waveguide since for most semiconductor-material systems, the low-band-gap 
layer in the middle of the structure has a higher refractive index. 




Fig. 3. Forward-biased double-heterostructure p-i-n junction. Conduction and 
valence band edges are plotted as solid lines. The Fermi- level energy Fp, repre- 
sented by dashed lines, splits into quasi-Fermi levels Fpc and Fpv in the undoped 
transition region, where holes and electrons coexist. In this region, inversion is 
achieved since the quasi-Fermi levels are inside the bands 
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To assess which proportion of the carriers recombines by stimulated and 
spontaneous emission, the ratio of 7?,2i and TZg-p is determined using (4), (6), 
and (14). 



Ti-sp 



^p{huj) 



TT^h^C^ 



p{hu>) . 



(18) 



This equation shows that a high photon density p{Uoj) is necessary to suppress 
spontaneous emission. Since the term is in the denominator of (18), a 

higher value of the photon density p{fiuj) is required for lasers with higher 
photon energy (hoj) to achieve the same suppression of spontaneous emission. 
To obtain a high photon density in semiconductor lasers, optical waveguides 
are implemented to confine the photons in the laser-active region of the de- 
vice. Furthermore, an optical resonator, mostly a Fabry-Perot resonator, is 
used to increase the photon density in the resonator cavity. A semiconduc- 
tor laser can be regarded as an optical oscillator consisting of an optically 
amplifying medium and a resonator which provides optical feedback to the 
amplifier. Waveguides and resonators for high-power semiconductor lasers are 
discussed in more detail in the next sections. 



1.2 Basic Elements of Semiconductor-Diode Lasers 

Several basic elements are necessary to realize a semiconductor-diode laser: 

• a medium providing optical gain by stimulated emission, 

• an optical waveguide which confines the photons in the active region of the 
device, 

• a resonator creating optical feedback, and 

• a lateral confinement of injected current, carriers, and photons which is 
required for operation in a fundamental lateral mode. 

The optical-gain medium consists of an active undoped layer of direct 
semiconductor material embedded between high-band-gap p- and n-doped 
regions. When this p-i-n junction is forward biased, electrons and holes are 
injected into the active region and optical gain by stimulated emission be- 
comes possible. Furthermore, the double heterobarriers confine the carriers 
in the active region. The active layer may consist of bulk material with a 
typical thickness of 100 nm or of one or more quantum wells having typical 
thicknesses of 10 nm. Quantum-well structures are discussed in Sect. 1.6. 

A dielectric optical waveguide consists of a core film with high refractive 
index embedded in cladding material with lower refractive index. Figure 4 il- 
lustrates the optical waveguide for a double-heterostructure laser. The active 
film with band gap Eg, refractive index rif, and thickness d is sandwiched 
between cladding layers with band gap Eg^ci and refractive index rid. If the 
index step An = Uf — rid and the core thickness d of the waveguide are small 
enough, only the fundamental mode with nearly Gaussian field distribution 
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Fig. 4. Confinement of the electronic carriers (electrons and holes) and the electric 
field (photons) using a double heterostructure in the vertical direction x of an edge- 
emitting diode laser. Plotted are the energy-band diagram E{x) with conduction 
and valence bands (top), the refractive-index profile n{x) of the dielectric waveguide 
(center), and the electric-field distribution £{x) of the fundamental optical mode 
traveling in the z direction (bottom) 



can propagate in the waveguide. The optical wave traveling in the direction 
of the waveguide experiences an effective refractive index rieff which is dif- 
ferent from the refractive indices of core and cladding (ric\ < ries < rif). 
Figure 4 shows a structure where the same layer provides the confinement of 
the carriers and the optical wave. In quantum-well lasers, so-called separate 
confinement structures are necessary, where the carriers are confined in quan- 
tum wells and the optical wave is confined in a separate dielectric-waveguide 
structure. 

For high-power diode lasers, Fabry-Perot resonators are used. Figure 5 
shows this type of resonator consisting of two mirrors with distance L around 
a laser-active material having an optical waveguide with effective refractive 
index in a propagation direction normal to the mirror surfaces. The 



10 



Peter Unger 




L 



Fig. 5. A standing wave having m = 7 nodes in a Fabry-Perot resonator with a 
cavity length L. The wave propagates in a waveguide with an effective refractive 
index rieff. The distance between two nodes is Ao/(2riefr) with Ao being the vacuum 
wavelength 

resonator provides feedback, when a standing wave develops between the 
mirrors. 



m is the number of nodes of the standing wave, the order number of the 
longitudinal mode, and Aq is the vacuum wavelength. Lasers for optical com- 
munication systems have other types of optical resonators like Distributed 
FeedBack (DFB) or Distributed Bragg Reflector (DBR) resonators [13,14]. 

Up to this point, carrier and optical conflnement have been discussed 
for a direction which is perpendicular to the active-layer plane. This direc- 
tion is called the vertical direction. To obtain single-mode operation in both 
transversal directions, an additional lateral conflnement is required. As dis- 
cussed in Sect. 1.5, three types of lateral-confinement mechanisms are possi- 
ble: current conflnement leading to a gain-guided lateral waveguide, optical 
conflnement providing index guiding, and buried heterostructures providing 
an additional carrier conflnement. 

1.3 Optical Gain and Threshold Condition 

When passing through an absorbing material in the 2 direction, the inten- 
sity J of a planar optical wave exponentially decreases. 



with Jo being the initial intensity and a the intensity-absorption coefficient. 
In laser-active semiconductor material, an amplification of the optical wave is 
achieved. In this case, the exponential increase in intensity can be described 
by a negative value of a which is referred to as optical gain g = —a. In an 
optical waveguide, only a part of the intensity pattern of the optical mode 
overlaps with the active region, which usually is located in the core of the 
waveguide. One has to distinguish between the gain of the active material 
itself, called the material gain g, and the significantly lower gain of the optical 
mode, called the modal gain gmodai- 




TO = 1, 2, 3, . . . . 



(19) 



J{z) = Jo exp(-az ) , 



( 20 ) 
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In Fig. 6, the material gain of GaAs at room temperature is plotted for dif- 
ferent carrier densities N. The maximum gain is observed at photon energies 
which are slightly higher than the band gap energy. Figure 7 illustrates the 
optical-intensity pattern J{x) of the fundamental optical mode in a double- 
heterostructure edge-emitting laser having an active-layer thickness d. The 
relation between modal gain gmodai and material gain g is expressed by defin- 
ing a confinement factor F which depends on the overlap of the optical-mode 
pattern with the gain region of the laser. 

+dj2 

f J{x)dx 

5modal — r 9 y ^ ~ ■ (21) 

J J{x)dx 

— oo 

In double heterostructures with active-layer thicknesses of 50-300 nm, the 
confinement factor F has values in the range 10-70%. If the active layer 
consists of a quantum well with a typical thickness around 10 nm, confinement 
factors of a few percent are obtained. 

For a mode traveling along the optical waveguide, the intensity-absorption 
coefficient a is usually split into two parts, one describing the intrinsic modal 



Photon Energy (eV) 

1.55 1.50 1.45 1.40 




Wavelength (nm) 

Fig. 6. Optical-gain spectrum g{\o) of GaAs bulk material at carrier densities 
of A = 2-6 X 10^® cm“®. For photon energies below the band-gap energy of GaAs 
of Ag = 1.42 eV, the material is transparent. Optical gain occurs for energies near 
the band gap. The maximum of the optical-gain curve shifts towards shorter wave- 
lengths for higher carrier densities N due to the band-filling effect. If the photon 
energy is further increased, absorption takes place. The gain data have been calcu- 
lated using the model described in [15] 
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Fig. 7. The confinement factor F is defined by the overlap of the intensity pattern J 
of the optical mode with the active region. The illustration shows the intensity 
distribution J{x) in the vertical direction a; of a fundamental optical mode with 
nearly Gaussian shape for an edge-emitting laser with an active-layer thickness d 



absorption ai and the other describing the modal gain ^modai = Tg which 
depends on the density of the injected carriers. 

a = ai~rg. (22) 

The intrinsic modal absorption is caused by scattering of the optical mode at 
defects or rough interfaces and by free-carrier absorption. Whereas scattering 
is extremely low for semiconductor-diode lasers with good crystalline qual- 
ity, free-carrier absorption cannot be avoided since part of the optical-mode 
pattern overlaps with the p- and n-doped cladding regions. When the modal 
gain r g is larger than the modal loss Oi, the propagating optical mode is 
amplified. 

In a laser device, the optical waveguide is combined with a Fabry-Perot 
resonator having mirror reflectivities R\ and i? 2 - Some optical intensity leaves 
the cavity at these mirrors and contributes to the laser output beam. As 
illustrated in Fig. 8, the intensity Jrt of the optical mode after a roundtrip 
in the cavity is given by 

Jrt = Jo R 1 R 2 exp [2{rg - ai)L] . (23) 

Lasing occurs when the gain provided to the optical mode compensates the 
intrinsic absorption and the mirror losses for a roundtrip. The minimum 
gain g where the device starts lasing operation is called the threshold gain gth- 
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Fig. 8. Intensity of an optical wave during a roundtrip in a Fabry-Perot resonator 
with cavity length L and mirror reflectivities Ri and R 2 



In this case, the intensity Jrt after a roundtrip in the cavity again has its initial 
value Jq. 



Jit — Jo j 

1 = R 1 R 2 exp [2{Fgth - ai)L] , 



r Qth = CTi H In ( 

^ 2 L \R1R2 



— CTj + Ofn 



(24) 



At laser threshold, the modal gain R gth is the sum of the two terms in (24), 
the intrinsic absorption cti and the mirror losses ctmirror- The mirror losses 
depend on the cavity length L and the mirror reflectivities i?i and i? 2 - 



1.4 Edge- and Surface-Emitting Lasers 

Figures 9 and 10 schematically show two basic implementations of semicon- 
ductor-diode lasers, the edge-emitting laser and the Vertical-Cavity Surface- 
Emitting Laser (VCSEL). The mirror facets of edge-emitting lasers are ob- 
tained by cleaving the wafer along crystal planes. The mirror reflectivities R\ 
and i ?2 are approximately 30% if the facets are uncoated. Mirror coatings can 
be applied to change these reflectivities and to passivate the surfaces. The 
propagation direction of the optical mode in the resonator is in plane with 
the substrate surface and is referred to as the axial direction. A planar op- 
tical waveguide and the laser-active region are formed by depositing a layer 
sequence onto the substrate surface using a growth technique called epitaxy 
where the deposited single-crystal layers are lattice-matched to the substrate. 
The growth direction which is perpendicular to the substrate surface is called 
the transverse or vertical direction. The lateral direction is in the substrate 
plane normal to the axial direction. The active region has a lateral width W, a 
vertical height d given by the thickness of the epitaxially grown active layer, 
and an axial length L which is identical to the cavity length. In Fig. 9, a 
stripe laser is shown, where the width of the active layer is defined by the top 
ohmic contact resulting in a gain-guided optical waveguide without carrier 
confinement. The reference coordinate system used to describe edge-emitting 
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Fig. 9. Schematic drawing of an edge-emitting laser with the coordinate system. 
The laser cavity in the axial direction ^ is located in the substrate plane having 
a cavity length L in the range 300-2000 |j,m. The mirror facets are generated by 
cleaving the substrate along crystal planes. The direction perpendicular to the 
substrate plane is called the transverse or vertical direction x\ the lateral direction y 
is in the substrate plane normal to the axial direction. The active region below the 
top contact area has a lateral width W and a vertical height d 



lasers has its x axis in the vertical, the y axis in the lateral, and the z axis in 
the axial direction. Since edge-emitting lasers have typical cavity lengths L in 
the range 300-2000 pm, the order number m of longitudinal optical modes is 
very large (m = 1000-20 000) , the spectral density of the longitudinal modes 
is very high, and a lot of possible modes can exist within the bandwidth of 
the spectral gain. 

In vertical-cavity lasers, the optical propagation (axial) direction is normal 
to the substrate surface and the effective cavity length is very short (typi- 
cally 1-3 pm) allowing the existence of only a single longitudinal mode within 
the spectral-gain range. To avoid extremely high mirror losses in the short 
cavity, the reflectivity of the Fabry-Perot mirrors must be close to 100% ac- 
cording to (24). This can be achieved by using Bragg reflectors which consist 
of typically 20 pairs of epitaxially grown GaAs-AlAs layers having alternat- 
ing high and low refractive index and a thickness of a quarter wavelength. 
Between the mirrors, a set of quantum wells is sandwiched, providing the 
optical gain in the active region. In the case of strained InGaAs quantum 
wells, all semiconductor material including the substrate is transparent for 
light in the wavelength range Aq = 870-1 100 nm generated in these quantum 
wells. The choice of the appropriate mirror reflectivities allows the VGSEL 
to be operated as a top or a bottom emitter. In the schematic illustration of 
a VGSEL shown in Fig. 10, the electrical current is supplied through the p- 
and n-doped mirrors. The emitting lateral aperture normally has a circular 
geometry with a diameter of a few microns allowing single-lateral-mode oper- 
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Fig. 10. Schematic drawing of the Vertical-Cavity Surface-Emitting Laser (VC- 
SEL). The laser cavity of the top-emitting VCSEL is perpendicular to the substrate 
plane. The mirrors of the Fabry-Perot resonator consist of Bragg reflectors with 
reflectivities close to 100%. The total length of the device in the vertical direction 
is about 7 |j,m and the effective cavity length is in the range 1-3 pim 



ation and a highly effective coupling to optical fibers. Additional advantages 
are the ultra-low threshold current (< 1mA), excellent dynamic properties, 
a high electrical-to-optical power-conversion efficiency, insensitivity to opti- 
cal feedback, and the absence of sudden device failures attributed to mirror 
damage. Although the epitaxial growth of VCSEL structures is rather sophis- 
ticated, the remaining fabrication process is similar to the manufacturing of 
LEDs which allows wafer-scale processing and on-wafer device testing. VC- 
SELs can be easily arranged in two-dimensional arrays and coupled to parallel 
optical-fiber bundles. The single-mode output power of a VCSEL is in the 
mW range. Higher power levels can be achieved by enlarging the diameter 
of the emitting aperture or by a densely packed arrangement. Since VCSELs 
are rather novel devices, their full potential has not yet been exploited. Cer- 
tainly, there will be an increasing range of applications for VCSELs in the 
high-power regime. More comprehensive information on the properties and 
applications of VCSELs can be found in [15,16,17]. 

1.5 Lateral Confinement 

As already mentioned in Sect. 1.2, different implementations are utilized to 
achieve the lateral confinement of the current, the photons, and the carriers 
in edge emitting lasers. As illustrated at the top of Fig. 11, current confine- 
ment is provided by a current aperture which is mostly realized by a dielectric 
isolator as shown for a stripe laser at the top of Fig. 12. In another imple- 
mentation, the current aperture is formed by ion implantation. Diode lasers 
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Fig. 11. The three basic types of lateral confinement. Current confinement (top)'. 
the current is injected through an aperture. Optical confinement {center): a step 
in the effective refractive index riefr builds up a dielectric lateral waveguide for 
the optical mode. Carrier confinement {bottom): a double heterostructure barrier 
prevents the lateral diffusion of electrons and holes 



which exclusively have current confinement are called gain-guided lasers. Only 
those modes are amplified, which are propagating under the stripe, since op- 
tical amplification only occurs in areas which are pumped by the electrical 
current. Outside the stripe, an optical wave experiences high optical losses. 
Fundamental-lateral-mode operation can be obtained in these devices for 
small stripe widths. A single-mode stripe laser is rather easy to fabricate 
but has some disadvantages. Compared to index-guided lasers, the threshold 
current is larger because the waveguide is rather lossy. Since the mode par- 
tially propagates in absorbing material, the phasefront of the mode is curved, 
leading to a significant astigmatism in the output beam. 

The principle of index-guided lasers is illustrated in the center of Fig. 11. 
A lateral effective refractive-index step A rieff provides the waveguiding. De- 
pending on this index step and the width W of the waveguide, single-lateral- 
mode operation can be obtained. A typical example of an index-guided laser 
is the ridge-waveguide laser shown in the center of Fig. 12. The index step 
is formed by a step in the thickness of the upper cladding layer. Since the 
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Fig. 12. Examples of laser structures with different lateral confinement. A stripe 
laser {top) only has a current confinement, the lateral waveguide is formed by gain 
guiding. The ridge- waveguide laser {center) has current confinement and optical 
confinement with index guiding. The buried-heterostructure laser ( bottom) has cur- 
rent, photon, and carrier confinement 



current is injected at the top of the ridge, current confinement is also im- 
plemented. The beam quality of ridge- waveguide lasers is very sensitive to 
the width and the height of the ridge. Therefore, a precise and reproducible 
control of ridge dimensions is necessary during device fabrication. 

All three types of lateral confinement are combined in a diode laser hav- 
ing a buried heterostructure which is schematically shown at the bottom 
of Fig. 12. The lateral heterostructure is formed by an epitaxial regrowth 
technique. This heterostructure provides index guiding and carrier confine- 
ment since the barriers prevent the lateral diffusion of electrons and holes as 
illustrated at the bottom of Fig. 11. The p-n-p structure in the vertical direc- 
tion works as a current-blocking layer providing carrier confinement. Buried- 
heterostructure lasers are mostly used in communication systems where an 
extremely low threshold current is required to allow good dynamic properties 
and a low power consumption. 
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1.6 Quantum- Well Structures 

In double heterostructures, the typical thickness of the active layer is d = 50- 
300 nm, resulting in a confinement factor F in the range of 10-70%. The 
density of electronic states D{E) increases with the square root of the energy 
at the band edge {D{E) oc y^E — Eg). If the thickness of the active layer is 
shrunk to values of 5-10 nm, the electronic wave functions in this quantum 
well show quantization in the vertical direction x resulting in discrete energy 
levels. In this case, the density of electronic states D{E) increases in steps 
which are located at the electronic energy levels of the quantum well. Thus, 
the density of states close to the lowest-energy level in a quantum well is 
much higher than the density of states at the band edge in bulk material. The 
density of electronic carriers at a given energy is the product of the density 
of states D{E) and the probability of being occupied by electons fc{E, T) or 
holes [1 — /v(if,T)], which are exponentially decreasing functions (according 
to (15)). Thus, the carrier distribution for a quantum- we 11 laser structure has 
a higher maximum value and a smaller energetic width. 

Due to the small active volume of a quantum-well laser, low threshold 
currents can be obtained. Additionally, the material gain is higher and the 
spectral shift of the gain curve due to the band-filling effect is much smaller, 
because of the higher carrier density and its narrower energetic distribution. 
The main advantage of quantum-well structures, however, is the possibility 
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Fig. 13. Material gain spectrum (?(Ao) of a single compressively strained 8nm- 
thick Gao.sIno.aAs quantum well sandwiched in GaAs bulk material at carrier den- 
sities N = 2-6 X 10^®cm“®. Due to the high density of states D{E) in quantum 
wells, the maximum of the gain curve shows nearly no shift in wavelength. At higher 
carrier densities, transitions to the second subband of the quantum well contribute 
to the gain. The data have been calculated using the model described in [15] 
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to introduce compressive or tensile mechanical biaxial strain. In this way, the 
useable wavelength range of a particular material system can be extended, 
e.g. the incorporation of In instead of Ga into a thin GaAs quantum well- 
layer results in a compressively strained quantum well and the accessible 
wavelength now ranges from 870 nm for bulk GaAs into the long-wavelength 
region up to approximately 1100 nm. This is illustrated by the spectral gain of 
an 8 nm-thick Gao. 8 lno. 2 As quantum well plotted in Fig. 13 in comparison to 
the gain of GaAs bulk material shown in Fig. 6. The product of quantum-well 
film thickness and strain must be below a critical value. Above this value, 
the film experiences relaxation, which is associated with a high number of 
traps leading to nonradiative recombination. In compressively strained quan- 
tum wells, the light and heavy hole bands are split and the effective mass 
of the holes in the valence band is reduced. The effective masses of elec- 
trons and holes are now comparable (we ~ m-h) resulting in a more-efficient 
population inversion in the quantum well. In the long- wavelength range, any 
kind of strain is beneficial due to the reduced inter- valence-band absorption 
and Auger recombination. Especially for compressively strained quantum- 
well lasers, a significantly improved reliability has been observed. For these 
reasons, strained quantum wells are the rule rather than the exception in 
state-of-the-art diode lasers. 
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Fig. 14. Different vertical structures for separate confinement of electronic carri- 
ers and the optical mode. Plotted are the band-gap energies Eg versus vertical 
position X. In the upper diagram, a Multi-Quantum- Well Separate-Confinement 
Heterostructure (MQW-SCH) with three quantum wells is sketched. In the lower 
part of the figure, a Single-Quantum- Well GRaded-INdex Separate- Confinement 
Heterostructure (SQW-GRINSCH) is shown 
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Since quantum wells are very thin, the confinement of the optical mode 
is poor. This can be overcome by a Separate-Confinement Heterostructure 
(SCH) where the confinement of the optical mode is provided by a separate 
waveguide structure. Two examples of such vertical structures are shown 
in Fig. 14. If the waveguide includes a graded refractive-index profile, the 
structure is called a GRaded-INdex Separate-Confinement Heterostructure 
(GRINSCH). 

2 Fabrication Technology 

The multilayer structures of diode lasers are fabricated using epitaxial growth 
techniques. In these processes, single-crystal lattice-matched layers with pre- 
cisely controlled thickness, material composition, and doping profiles are de- 
posited onto GaAs and InP substrate wafers. The layer sequence consists of 
a buffer layer, p- and n-doped cladding layers, a layer for the ohmic contact, 
and the active region, which may be simple bulk material or a sophisticated 
structure containing one or more quantum wells with separate optical con- 
finement. Figure 15 shows suitable HRV semiconductor compounds which 
can be epitaxially grown on GaAs and InP substrates. 



GaAs InP 




Fig. 15. Band-gap energy versus lattice parameter of III-V semiconductor alloys 
used for high-power laser diodes. The binary componnds are represented by dots, 
ternary alloys are drawn as lines. Direct semiconductors are plotted as full lines 
and dots whereas for indirect material dotted lines and open dots are used. Indi- 
cated with arrows are ternary compounds growing lattice-matched on the common 
substrate materials GaAs and InP. The data are derived from [18] 
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The following list gives an overview of material systems commonly used 
for high-power diode lasers. Not included are II- VI and GaN-based semicon- 
ductors for blue and green light emitters [19] since their output power is still 
rather low. 

• Ala;Gai_ 2 :As grown on GaAs is the classical material for diode lasers. Since 
the radii of gallium and aluminum ions are nearly equal, Ala;Gai_a;As can 
be grown lattice-matched for any composition x, and laser emission in the 
wavelength range 700-870 nm can be realized. 

• Using an InGaAs quantum well, the emission range of the AlGaAs/GaAs 
system can be extended to longer wavelengths. Since an indium ion has a 
larger radius than a gallium ion, the lattice parameter of GalnAs is higher 
than the lattice parameter of GaAs. Therefore, only thin GalnAs quantum- 
well layers containing compressive mechanical strain can be grown keeping 
lattice-matching. The emission wavelength can be adjusted in the range 
800-11 00 nm by varying the thickness and indium content of the strained 
quantum well. 

• The same wavelength range can be covered using the strained GalnAs 
quantum well in combination with GalnAsP separate-confinement layers 
and Gao. 5 iIno, 4 gP cladding layers. Like GalnAs-AlGaAs/GaAs, this system 
is also lattice-matched to GaAs but is completely aluminum-free [ 20 , 21 ]. 

• The visible-red short-wavelength range 600-700 nm can be accessed using 
(Al 3 ,Gai_ 2 ;)o. 5 lno, 5 P. Again, this material is lattice-matched to GaAs for 
any aluminum concentration x since the ion radii of aluminum and gallium 
are approximately equal. 

• Ga 2 ,Ini_a;AsyPi_y grows lattice-matched on InP substrates if the equa- 
tion X = 0.4 y + 0.067 is fulfilled. The material has a direct band gap 
ranging from Ag = 0.75 eV for Gao. 47 Ino. 53 As to Eg = 1.35 eV for InP. 
Lasers of this type are implemented in quartz-fiber communication sys- 
tems at the wavelengths 1.3 pm and 1.55 pm. 

The fabrication sequence following the epitaxial growth is illustrated in 
Fig. 16 for a ridge-waveguide laser. In the first lithographic step, the pattern 
of the lateral waveguide is defined and then transferred into the underlying 
semiconductor material using an etching process. For a ridge- waveguide laser, 
the width and the depth of the waveguide have to be controlled precisely to 
ensure a proper lateral- mode behavior of the device. This can be obtained us- 
ing epitaxially grown etch-stop layers and anisotropic dry-etching processes. 
A dielectric isolator is then deposited at the bottom and the sidewalls of the 
ridge leaving uncovered only the highly doped layer for the ohmic contact 
on top of the ridge. For other types of lasers, the lateral waveguide can be 
produced by techniques like ion implantation or a sophisticated epitaxial re- 
growth technique. A second lithographic step followed by metal evaporation 
and a lift-off process in an organic solvent is used to define the structure of 
the top ohmic contact. Some diode lasers take advantage of a thick gold layer 
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Fig. 16. Process sequence for the fabrication of ridge-waveguide diode lasers: 
(a) etching of the ridge, (b) deposition of top contact metallization, (c) electro- 
plating of a gold heat spreader, substrate thinning, evaporation of the back-side 
contact, and mirror cleaving 



which has been electroplated atop the ridge waveguide using a patterned 
photoresist as a mold for the galvanic deposition. The gold layer provides 
spreading of the heat generated in the laser leading to a significantly lower 
thermal resistance when the laser is mounted junction-side up. In addition, 
this layer protects the ridge against damage during processing, testing, and 
packaging and makes junction-side-down mounting more reliable. 

After completion of the front-side processing, the wafer is thinned down 
to a thickness of around 100 pm to allow proper cleaving of the laser mirrors 
and to reduce the thermal resistance of junction-side-up-mounted devices. 
An ohmic contact is evaporated onto the back side and a baking process 
at high temperature provides alloying of the contact with the highly doped 
substrate material. To create the laser mirrors, the wafer is cleaved along 
crystallographic planes into bars having typical lengths of 1 cm. The cavity 
length L of the lasers is determined by the width of these bars. Figure 17 
shows scanning electron micrographs of a laser chip on a bar with uncoated 
facets. After cleaving, the facets must be immediately coated to protect the 
mirrors against corrosion and to modify the reflectivity of the facets. Device 
testing is performed on the bar level. Single devices are cleaved from the bars 
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Fig. 17. Scanning electron micrographs of a (Al)GaInP/GaAs ridge-waveguide 
diode laser with a cavity length L = 500 pm. A gold heat spreader is deposited atop 
the ohmic contact. The picture at the top features a single diode laser on a bar, the 
image at the bottom shows a closer view of the facet region ([25], © 1993 IEEE) 
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and then soldered into packages together with silicon p-i-n monitor diodes. 
For higher output powers, the chips have to be mounted junction-side down 
and submounts with low thermal conductivity have to be used to spread the 
heat. The packaged devices are again tested and often have to pass a burn-in 
procedure before being shipped to the customer. An alternative approach uses 
mirrors created by a highly anisotropic dry-etching process. Mirror coating 
and the device testing are performed on the full wafer. This process technol- 
ogy allows the monolithic integration of the devices and has the potential to 
make laser production easier and cheaper [22,23,24]. 

3 Optical Waveguides and Resonators 

3.1 Effective Refractive Index 

When a light wave propagates from a dielectric medium with refractive in- 
dex rif to a medium with refractive index rici < n{ as illustrated in Fig. 18, 
refraction occurs at the interface according to Snell’s refraction law 

rif sin if = rici sin ip* , (25) 

with ip being the angle of incidence. The refraction angle tp* > tp of the 
transmitted beam cannot be larger than 90° (sin</3* = 1) corresponding to a 
critical angle of incidence v^crit given by the equation 

sm ipcrit = — ■ (26) 

Uf 

If the angle of incidence ip is equal to or larger than the critical angle </3crit, 
total reflection of the incoming wave occurs at the interface. The phase shift 
of the reflected wave depends on the incidence angle ip and the polarization 
of the wave. The incidence plane is defined as the plane that contains the 
wave vector k orientated in the propagation direction and the normal vector 
to the interface plane. For Transverse Electric (TE) polarization, where the 




Fig. 18. Illustration of Snell’s refraction law for a light ray coming from a medium 
with refractive index rif and being transmitted into an optically thinner medium 
with refractive index nd < rif 
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electrical field vector S is perpendicular to the incidence plane, the half phase- 
shift angle ^te of the totally reflected wave is given by 



tan 



Tif sin^ ip — 

Uf cos if 



(27) 



In the case of Transverse Magnetic (TM) polarization, where the electrical 
held vector is in the incidence plane, the half phase-shift angle ^tm is given 

by 



tan 



rif cos p 



(28) 



A three-layer dielectric slab waveguide consists of a film with refractive 
index Uf embedded between a cladding layer with refractive index rid and a 
substrate with refractive index ris . The refractive indices of the substrate and 
cladding layers are lower than the index of the film. As shown in Fig. 19, a 
wave undergoes total reflection at both interfaces for large incidence angles p 
when traveling through the film. In the absence of optical absorption in the 
material, the wave will be guided without energy losses in the two-dimensional 
film. Making the assumption that the wave vector k = (kx,0,kz) has only 
components in the propagation direction 2 and the transverse direction x, 
the wave is reflected back and forth between the interfaces in the x direction. 
Such a wave can be described by the wave equation 



£ ~ £q exp [i (ujt ^ kxX — kzz)] . (29) 

The electric held vector £ points in the y direction for a TE-polarized wave 
and is located in the x-z plane for TM polarization. The k vector of the wave 




Fig. 19. Guided optical wave in a film with vertical thickness d being back and 
forth reflected at the interfaces to cladding layer and substrate. The wave vector k 
is split into a component kz in the propagation direction and a component in 
the vertical direction. To allow total reflection, the angle of incidence p must be 
larger than the critical angle ipcrit defined by (26) at both interfaces 
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can be split into a component which describes the propagation along the 
waveguide and a component kx- 

Stt 

kx = ni ko cos ip , k^ = rifko sin p , ko = — . (30) 

The component kz is used to define the effective refractive index rieff for the 
traveling wave in the propagation direction 

rieff = nf sin p, kz = rieff ■ (31) 

In the X direction, however, a standing wave has to build up, otherwise de- 
structive interference will cause an extinction of the wave. In an asymmetric 
waveguide, the refractive index of the layers above and below the film may 
differ, e.g. rid < rig. In order to allow total reflection at both interfaces, sint^ 
must be larger than rid/rif and rig/rif, according to (26). On the other hand, 
sin(/j is always equal to or smaller than 1. 

ndlnf < rig/rif < sin < 1, 

nd < rig < rif sin p < Uf , (32) 

rici < rig < rieff < nt . 

This equation limits the range for the effective refractive index UeS- 

To allow the formation of a standing wave in the x direction, the phase 
path must be a multiple of 27 t after a roundtrip in the vertical cavity with 
thickness d. The phase-shift angles 2^ci and 2^g from (27) or (28) after the 
total reflection at the cladding layer and the substrate, respectively, must be 
taken into account. 

2duf ko cos Pm — 2 <Pd — 2 ^g = m 27 t . (33) 

m is the number of nodes of the standing wave and is defined as the or- 

der number of the transverse optical mode. The mode ni = 0 is called the 
fundamental mode. For given geometry (d), refractive indices (rif, rig, rid), 
and wavelength Aq, (33) determines the allowed values pm for the incidence 
angle p depending of the mode number m. 



3.2 Normalized Propagation Diagrams 



In order to present calculated values for the effective refractive index rieff 
for all kinds of geometries, refractive indices, and wavelengths, normalized 
parameters are usually defined. 



V = kod 




b = 



^eff - 
- n2 



(34) 



V is called the normalized frequency since ko = 27t/Ao = 2ttv jc is pro- 
portional to the frequency v of the wave, b is the normalized propagation 
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parameter which is a measure for the effective refractive index rieff- Asym- 
metric waveguides are taken into account by defining normalized asymmetry 
parameters ute and otm for transverse electric and magnetic waves: 



n? n: — nz 



ttTE = 



otm = 

rr 



(35) 



cl "f 



Using these normalized parameters, (33) can be transformed into 



V -s/l — 6 = m7T -|- arctan 



l-h 



arctan 




(36) 



for TE-polarized waves. This dependency is plotted in Fig. 20 for the first 
three modes. There is always a solution to (36) for the fundamental mode 
(m = 0) in a symmetric waveguide (a = 0). In asymmetric waveguides, 
propagation is not possible below a cut-off frequency Vq = arctan y^ote for 
fundamental modes. For higher-order modes, the cut-off frequency is Vm = 
Vq -I- TO7T. 




Fig. 20. Normalized propagation parameter b versus normalized frequency V at dif- 
ferent normalized asymmetry parameters a for TE modes in a three-layer dielectric 
waveguide [26,27] 



In semiconductor-diode lasers, fundamental-mode operation is desired in 
transverse and lateral directions. So, in both directions, the V parameter must 
be below the cut-off frequency Vi = tt for higher-order modes. According to 
(34), for a given wavelength Aq = 2njkQ the V parameter is proportional to 
the product of the film thickness d and the refractive-index step y/nj — n'^ be- 
tween film and cladding layers. Since the waveguide in the transverse direction 
consists of epitaxially grown semiconductor material, small layer thicknesses 
(below d = 1.5 pm) can be accurately controlled. Therefore, a relatively high 
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refractive-index step is possible, which has the additional advantage of good 
carrier confinement since a high index step An = ri{ — rid is attributed to a 
high step in band-gap energy AEg = i?g,ci — Eg (Fig. 4). For lateral index 
guiding, the width of the waveguide is defined by the ohmic contact or the 
ridge geometry (Fig. 9) which is patterned by a lithographic process allowing 
only inferior dimensional control. On the other hand, a small lateral wave- 
guide will result in a high series resistance of the device, causing a lot of unde- 
sired ohmic heat generation. For these reasons, a relatively wide {W > 3 pm) 
lateral waveguide is used together with a low effective-refractive-index step. 
To form a lateral-index waveguide, a stripe must be defined, where the effec- 
tive refractive index of the transverse waveguide under the stripe is higher 
than outside it. This lateral control of the effective refractive index can be 
achieved in several ways: 

• by a lateral change in the asymmetry a = a{y), e.g. changing the thickness 
(ridge- waveguide laser) or the refractive index of one of the cladding layers, 

• by a lateral change in the film thickness d = d{y), or 

• by a lateral change in the refractive index of the film rif = nf(y) as in a 
buried-heterostructure laser (see Sect. 1.5). 

3.3 Optical Near- and Far-Field Patterns 

The amplitude of the electric-field vector £{x, y, z) in dielectric material with 
given refractive-index distribution n{x,y,z) for sinusoidal time dependencies 
at a fixed angular frequency uj can be derived using the Helmholtz equa- 
tion [28] 



In a film waveguide, the refractive-index profile n{x,y,z) = n{x) only has a 
dependency in the x direction as shown in Fig. 19. For a TE-polarized wave 
propagating in the z direction, the electric field vector £ is oriented in the 
y direction. Such a wave can be described by 



which is a one-dimensional differential equation yielding the eigenvalue riefi 
and the y-polarized vertical electric-field distribution £y{x). 

The field distribution and the effective refractive index of a one-dimen- 
sional dielectric waveguide can be approximated using the effective-index 
method, where the lateral effective-index variation ngg^y) is determined by 




£y{x,z) = £y{x) exp{-ineffkoz) . 



(38) 



Inserting (38), the Helmholtz equation (37) can be written as 




(39) 
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solving (39) for the different lateral positions y. This effective-index distribu- 
tion is then again inserted into a one-dimensional Helmholtz equation similar 
to (39) for a lateral waveguide, this time for a TM-polarized wave (magnetic- 
field vector orientated in the —x direction) and yields the effective index 
of the one-dimensional waveguide and the field distribution in the lateral 
direction. This method is a rather good approximation for waveguides of 
edge-emitting diode lasers, which are thin in the vertical and broad in the 
lateral direction. As illustrated in Fig. 21 for a ridge- waveguide laser, the field 
distribution £{x,y) at the laser facet is called the near-field profile. 

When the emitted light leaves the laser resonator and propagates from 
the waveguide into free space, the beam is broadened by diffraction. The 
diffracted pattern some distance away from the facet is called the far field. 
The transition occurs at a distance roughly VF^/Aq, where W is the width 
of the near-field pattern. The far-field intensity J{Ox,Oy) can be deduced 
from the Fresnel-Kirchhoff diffraction integral [10]. For the direction x, the 
far-field intensity distribution is given by 



J{0x) oc cos^ Ox 



+ O0 



£ (x) exp(i fco sin Oxx) dx 



(40) 



Replacing x by ?/ in (40) yields the same equation for the y direction. The 
factor cos Ox in front of the integral is called the Huygens obliquity factor, 
which accounts for the fact that the intensity from a surface tilted by an 
angle O is reduced by cos^ O. For very large off-axis angles, slight corrections 
must be added to the Huygens factor, which also depends on the polarization 




Fig. 21. The transition from the optical near-held prohle £(x,y) at the laser facet 
to the far-held intensity pattern in free space J(Ox, Oy) is described by diffraction 
theory 
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Fig. 22. Output characteristic and horizontal far-held patterns for a ridge- 
waveguide laser with a ridge width W = 4 p,m and a cavity length L = 500 p,ni [29] . 
Single-mode behavior with perfectly Gaussian far-held patterns is obtained 
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Fig. 23. Output characteristic and horizontal far-held patterns for a ridge- 
waveguide laser with a ridge width W = 7 |j,m and a cavity length L — 500 |j,m. The 
ridge width of this laser is close to the limit, where higher-order modes can develop 
in the waveguide. When the laser is operated at higher power levels, the lateral 
effective refractive-index step is increased due to the higher temperature under the 
ridge allowing the propagation of a second lateral mode associated with a kink in 
the light-output characteristic 



of the beam. For small angles, the far-held pattern is the Fourier transform of 
the near-held distribution. Thus, a narrow emitting aperture leads to a wide 
angular prohle in the far held and vice versa. If the near-held function £(x, y) 
has a constant phase front at the facet, the far-held prohle, being the Fourier 
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transform of f (x, y), is always a symmetric function even if the emitted near 
field shows an asymmetric amplitude distribution. Waveguides with real index 
guiding have planar wavefronts in the propagation direction. In gain-guided 
lasers, the near field has a curved wave front originating from the optical 
absorption in the lateral cladding layers where no current is injected (see 
Sect. 1.5). 

Figures 22 and 23 show lateral far-held patterns with increasing out- 
put powers of two ridge- waveguide lasers having different ridge widths W . 
Whereas for the small ridge width (Fig. 22, W = 4 pm), nice Gaussian pro- 
hles are observed, a second-order mode develops for higher output powers in 
the laser with larger ridge width (Fig. 23, W = 7 pm). 



3.4 Fabry Perot Resonator 



An electromagnetic wave traveling in the z direction in a waveguide with an 
absorption coefficient a and an effective refractive index rieff can be described 
using the wave equation 

£ = £o exp exp [i (wt - k^n^sz)] . (41) 

The effective refractive index rieff describing the phase evolution and the 
absorption coefficient a describing the amplitude evolution can be combined 
in a complex propagation number 7 . 

£ = £q exp (— 72 ) exp {iuit) , (42) 



7 = - -I- i koUeS , 



kz — k^Ti^^ — rieff ■ 
^0 



(43) 



In a Fabry-Perot resonator, multiple rehections occur at the mirrors which 
have transmission coefficients ti, t 2 and rehection coefficients ri, V 2 for the 
amplitude of the wave. As illustrated in Fig. 24, the transmitted wave £t 
can be expressed as a superposition of the contributions from these multiple 
reflections. 

00 

ft = ht 2 £i exp(- 7 L) ^ [(rir 2 )™exp(- 2 rri 7 L)] . (44) 

m=0 



This geometric series can be transformed into 

^ ^ tit 2 exp (- 7 L) 

£\ 1 — rir 2 exp (— 27 L) ’ 

which is called the Airy function for the Fabry-Perot resonator. At laser 
threshold, the denominator of (45) becomes zero, resulting in a transmitted 
wave having infinitely large amplitude. 



1 = ri ?’2 exp (— 27 L) 



r’i ?’2 exp(— aL) exp ( — i-— rieffL 



(46) 
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i]i2 <?i exp(-7i) 



i] r2 (?i exp(-7i) 



i, (r,r 2 ) (?i exp(-2yi) 



£, r-2 (r,r2) <?i exp(-37i) 
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Uh (7-17-2) <?i exp(-37i) 



ili2 (rir2)^ (?] exp(-57i) 



Uh (^i''’2)^ <’i exp(-77i) 



Fig. 24. Multiple reflections of a planar electromagnetic wave inside a Fabry-Perot 
resonator with a cavity length L. The mirrors have amplitude transmissions ii, £2 
and amplitude reflectivities ri, V 2 



This equation can be split into two parts, yielding conditions for the phase 
and the amplitude. 

1 = nr 2 exp {-aL) , 

1 = exp ^-i^UeffL 

The amplitude condition in (47) can be written as 

1 = nr 2 exp(— aL) , 

0 = ln(rir 2 ) — aL , 

a=yln(rir2). (49) 

Replacing the absorption coefficient a by a, — L gth according to (22) for the 
threshold gain gth and substituting the amplitude reflection factors ri, r ’2 by 
the intensity reflectivities i?i = r\ and R 2 = r^, the equation can be further 
transformed into the laser-threshold condition known from (24). 

Lgth = - ^ln(rir 2 ) 

= ai + jlnf—) 

L \r 1 r 2 J 

= ai + —ln(^—] . 

2L \R 1 R 2 J 



(47) 

(48) 



( 50 ) 
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Equation (48) yields the phase condition known from (19). 

‘2iLtIq^ 



m= 1, 2, 3, ... . (51) 

As shown in Sect. 3.1, the effective refractive index UeS of an optical 
waveguide is a function of the wavelength Aq even if there is no dispersion 
in the semiconductor material itself. The spectral separation between two 
neighboring modes can be derived by building the total differential of 



47T 

— rieff L = m2n , 

Ao 

An 



L = m 



2n.0ff 



m Xq = 2L rieff • 



m dXo + Aq dm = 2L dueS , 



2Lrieff 

An 



dXo + Aq dm = 2L 



dXo 



dXo . 



(52) 

(53) 



According to (52), a decrease of m by 1 {dm « A m = —1) switches to the 
next-higher resonant value for Aq . The wavelength separation A App ~ dXo 
between two optical modes is called the free spectral range of the Fabry-Perot 
resonator and results in 



A App - An « 2L ^ A App , 



An 

2L rieff A App — A, 



2L 



dXg 

dlTieff 

dXn 



An A App 



A App 



>2 



X2 



2L ^rieff - Aq) 2rigr,effT 



(54) 



which depends on the mode dispersion dries /dX^. 

drieS ^^eff /reX 

^gr,eff ~ ^eff “oT Aq ~ ^eff ^ (h5) 

oAo diO 

is the group effective index, = c/n^r,eS is the group velocity of the optical 
mode. The group effective index is typically 20-30% larger than the effective 
refractive index depending on the specific photon energy relative to band-gap 
energy. 



3.5 Diode-Laser Spectrum 

Figure 25 shows the spectrum of the longitudinal Fabry-Perot modes to- 
gether with the modal gain at the laser threshold. When the peak of the 
modal gain at the wavelength Ap is equal to the threshold gain necessary to 
overcome the intrinsic absorption and the mirror losses (according to (50)), 
the diode laser starts to operate at the mode which is in the closest spectral 
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Fig. 25. Modal gain spectrum and Fabry-Perot modes of a diode laser at threshold. 
The modal gain rg{Xo) has its maximum value F gth at a peak wavelength Ap. The 
spectral distance A Afp of the Fabry-Perot modes is called the free spectral range 




vicinity to the peak wavelength Ap. As will be shown in Sect. 4.1, the modal 
gain is clamped above threshold at the threshold gain value F gth . Therefore 
only the mode closest to the peak gain is amplified, whereas for the other 
longitudinal modes, the losses are higher than the modal gain. This is shown 
in the spectrum of a diode laser above threshold in Fig. 26 where a sup- 
pression of the side modes of 31 dB is achieved. The emission wavelength of 
a diode laser changes when the temperature of the device is varied. Since 
the refractive index increases with temperature, the wavelength of a longitu- 
dinal optical mode at a given order number m increases according to (52). 
Additionally, the length of the laser cavity increases with temperature due 
to thermal expansion of the material, leading to a higher emission wave- 
length. The wavelength shift with temperature caused by these two effects 
is in the range AAq/AT = 0.06-0.2nm/K. A stronger effect is the shift of 
the spectral-gain curve which is mainly determined by the decrease of the 
band-gap energy with temperature. The shift of the peak-gain wavelength Ap 
with temperature T is approximately AAp/AT = 0.33 nm/K. Both effects 
can be seen in Fig. 27 showing the variation of the emission wavelength of a 
laser with temperature. 

3.6 Mirror Coatings 

Dielectric mirror coatings are deposited on laser facets for two main reasons. 
Mirror coatings passivate and protect the extremely sensitive surfaces of the 
facets. Corrosion which results in device degradation and sudden failures 
can be reduced or even completely eliminated by a suitable coating process. 
On the other hand, the reflectivity of the mirrors can be changed, allowing 
the entire output power of the laser to be emitted through the front facet. 
Furthermore, by using a very low reflection at the output facet, the optical 
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Fig. 26. Emission spectrum of an AlGaAs/GaAs single-mode diode laser with oxide 
aperture providing lateral current confinement and index guiding of the optical 
mode [30]. Since the cavity length is rather small {L — 300 |J.m), the lateral modes 
can be resolved by the spectrometer. At an operating current I = 3 7th, a single 
loirgitudinal mode at a wavelength 842.1 nm dominates and a side-mode suppression 
of 31 dB is obtained 
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Fig. 27. The peak-emission wavelength of a diode laser increases with tempera- 
ture. The device in this example shows a shift of 0.2irm/K due to the change in 
refractive index and due to thermal expansion of the material. Since the peak gain 
shifts by approximately 0.33 nm/K, longitudinal mode hops to the next-lower-order 
number m occur with increasing temperature 
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density inside the cavity can be reduced, resulting in less filamentation of 
the lateral optical mode and an increase in the output power level where 
destruction of the facet occurs. 

Figure 28 shows a typical facet coating for a high-power diode laser. Di- 
rectly on both facet surfaces, AI2O3 layers are deposited. This material has 
a refractive index of approximately n = 1.65 and is well known for its good 
adhesion and passivation properties. The reflectivity R of the front facet de- 
pends on the layer thickness d and its refractive index n. 



(1 — cos^ (nkod) + — n)^ sin^ (nkod) 

(1 -I- cos^ {nkod) + -I- n)^ sin^ (nkod) 



(56) 



with ko = 27t/Ao and rieff being the effective refractive index for the optical 
wave traveling in the waveguide between the laser mirrors. This is a periodic 
function with a periodicity in thickness of Ao/(2n) as illustrated on the left- 
hand side of Fig. 29. The minimum and maximum value i?min and i?max of 
the reflectivities are 



~ (neff + n2)2’ (l + neff)2- 



(57) 



7?max is the natural reflectivity for an uncoated facet. The minimum reflec- 
tivity i?inin is achieved at a layer thickness d = Ao/(4n). If the coating has a 
refractive index n = y/n^, antireflection can be obtained. 

(56) and (57) are only valid for a dielectric film on bulk material with a 
refractive index ries at normal incidence of the planar electromagnetic wave. 
If the wave is confined in a dielectric waveguide, significant modifications to 
these equations have to be considered [31,32]. 

Coatings for the back mirror having a high reflectivity consist of Bragg 
stacks. These are pairs of layers with high and low refractive index. The 
thickness of each layer is Ao/(4n). The constructive interference in the stacks 
provides a higher reflectivity which increases with the number of layer pairs 
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Fig. 28. Typical mirror coating for high-power edge-emitting lasers. The front facet 
is coated with a single layer of AI2O3 to reduce the reflectivity whereas on the back 
facet, a Bragg-mirror stack consisting of two pairs of AbOs/Si layers is used to 
obtain a high reflectivity 
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and the difference in the refractive indices of the two materials. Standard 
coating materials for the Bragg reflector are AI 2 O 3 with a refractive index 
n = 1.65 and Si with a refractive index in the range n = 3.5-4. The calculated 
spectral reflectivity of such a back mirror is plotted on the right-hand side 
of Fig. 29. With two layer pairs, a reflectivity of above 90% is obtained 
for a rather broad spectral range. The refractive index of Si strongly varies 
with wavelength and, for short wavelengths (Aq < 700 nm), the absorption 
becomes significant, leading to facet heating. For the short- wavelength range, 
the low-absorbing Ti 02 (n = 2.45) in combination with Si 02 {n = 1.45) is a 
good alternative. 




Fig. 29. Reflectivity R of the front and the back mirrors of a 980 nm laser having 
facet coatings as illustrated in Fig. 28. For the front mirror, an AI 2 O 3 layer with 
a refractive index n = 1.65 is used. In the diagram on the left-hand side, the 
reflectivity versus AI 2 O 3 layer thickness is plotted. At a thickness of 200 nm, 10% 
front-mirror reflectivity is achieved. A Bragg reflector with two pairs of AbOs/Si 
layers is used to increase the back-mirror reflectivity above 90%. The reflectivity 
versus wavelength is plotted in the right-hand- side diagram. The data have been 
calculated using the transfer-matrix model [33] 



4 Rate Equations and High-Power Operation 

4.1 Rate Equations for Electronic Carriers and Photons 

A phenomenological approach to describe the behavior of diode lasers during 
operation is the set of the rate equations. These are two coupled equations 
expressing balances for electronic carriers and photons. The rate equations 
provide relations between the external laser parameters extracted from the 
measured device characteristics and the internal physical effects. 
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The generation and recombination balance for the electronic carriers in 
the active region of a laser can be written as 

dN 

= 7?-gen — ~ ~ ^stim • (58) 

A change dN/dt of the carrier density N in the active region is attributed to 
the difference between the carrier-generation rate TZgen and the recombination 
rate {TZnr + T^sp + 7?-stim)- The generation rate for carriers is the number of 
electrons per time and volume which are injected into the active region. The 
number of the electrons per time is the electric current I divided by the 
elementary charge q = 1.602 189 x 10“^® C of an electron. The volume of the 
active region is given by the product of the active-film thickness d and the 
current-injection area (LW). With the current density j being the current / 
divided by the injection area (LW), the carrier-generation rate can be written 
as 



7^gen = , (59) 

qd 

where the internal efficiency rji is the fraction of the current which generates 
carriers in the active region. The introduction of ? 7 i < 1 takes into account 
that part (1 — ryi) of the current does not enter the active region. 

For the recombination rate of carriers, several processes must be consid- 
ered, the nonradiative recombination 7?.nr, spontaneous emission TZsp, and 
stimulated emission 7?.stim- For a spontaneous-recombination process, the 
presence of an electron and a hole is required. Therefore, the spontaneous- 
recombination rate TZsp is proportional to the product of the electron and 
hole densities. In undoped active regions, charge neutrality requires that both 
densities are equal; thus, the spontaneous-recombination rate is proportional 
to N^. 



TZsp = BN\ (60) 

B is called the bimolecular recombination coefficient, and it has a value 
around B w 10“^®cm^/s for most III-V semiconductor materials. 

In semiconductors, there are two major nonradiative recombination mech- 
anisms. For the first mechanism, the recombination at point defects, the rate 
is proportional to the carrier density. The second mechanism is the Auger 
recombination, where the photon energy from a spontaneous recombination 
process is transferred to an electron in the form of kinetic energy (photo ef- 
fect). Since this mechanism depends on the presence of three carriers, the 
rate is proportional to . 

TZnr = an + C . (61) 

In the absence of photons in the device, the carrier-recombination rate 7?.stim 
of the stimulated emission is negligible. In this case, the device behaves like 
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a conventional LED. After switching off the external current, the generation 
of carriers is terminated and the carrier density in the device decays. 

^ -TZsp = -AN -BN^-CN^. (62) 

To simplify the description of this decay, an exponential law with a carrier 
lifetime r is used. 

N = Nq exp : (63) 



with A^o being the initial carrier density. This exponential function is the 
solution of the differential equation 



dN _ N 
dt T 



(64) 



Compared to (62), this is an improper description of the nonradiative and 
spontaneous recombination in the device. 

As shown in Sect. 1.3, the density of photons iVph exponentially in- 
creases when light is traveling in a medium with optical gain originated from 
stimulated-emission processes . 



A^ph(^) = Alph(O) exp[5f(Al, Aq)2;] , 



(65) 



with the material gain g{N, Aq) depending on the carrier density N and 
the vacuum wavelength Aq. This exponential function is the solution to the 
differential equation 



dK 



ph 



dz 



= g(iV,Ao)iVph 



( 66 ) 



describing the photon-generation rate per unit length, which can be converted 
into the photon-generation rate per unit time by 



dA^ph dA^ph dz 



dt 



dz dt 



= g{N, Ao) A^ph 



(67) 



r^gr is the group velocity of the photons in the active material. In the case 
of a dielectric waveguide, fgr = c/ngr,eff is given by the group effective in- 
dex rigr.eff ~ — {dn^s / d\o) Aq as defined in (55). The photons which are 

generated in the active material are carrier losses by stimulated emission 



Tlstim = I’gr g{N, Ao) Alph . (68) 

Now the rate equation for the carriers is complete and can be written as 

dN T]i j N 

dt qd T 



^gr gi.^1 '^o) Aph . 



(69) 
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It is common to approximate the dependency of the material gain gi(7V, Aq) 
as a linear function of the carrier density N. 

g{N) = Ud (fV - Ntr) , ^ , (70) 

with Od being the differential gain coefficient and Nt^ the transparency carrier 
density. A^tr is the carrier density, where the material losses of the active 
medium are compensated by the optical gain, resulting in material which is 
optically transparent for light with vacuum wavelength Aq. 

The electronic carriers are confined in a layer with vertical thickness d. 
The photons are confined by a separate optical waveguide. The volume oc- 
cupied by photons is therefore larger. The confinement factor F as defined 
in (21) can be regarded as a carrier-photon overlap factor, being the volume 
occupied by carriers divided by the volume occupied by photons. Since the 
volume for the photons is larger by the factor l/F than the volume for the 
carriers, the rates per unit volume TZ are smaller by the factor F for the 
photons generated by spontaneous and stimulated emission. 



dfVph 

dt 



— F 7?-stim + r Psp TZ 



sp 



fVph 

T'ph 



(71) 



where /3gp < 1 is the spontaneous-emission factor, which accounts for the 
fact that in contrast to the stimulated emission only the fraction /?sp of the 
spontaneously generated photons are emitted into the lasing mode. Psp is ap- 
proximately the reciprocal of the number of optical modes in the bandwidth 
of the spontaneous emission and therefore strongly depends on the cavity 
length and the geometry of the optical waveguide. While spontaneous and 
stimulated emission are photon-generation processes, the photon losses are 
taken into account by introducing a lifetime Tph for the photons in the laser 
cavity in analogy to (64). The differential equation (67) can be used to de- 
scribe the exponential decay of the photon density with time in the absence 
of any photon-generation terms (TT-stim = TZsp = 0). 



dfVph 

dt 



dZph dNph dz 

Tph dz dt 



(cTi -t- Oniirror) d^ph '^gr ■ 



(72) 



The two loss mechanisms for the photons are the intrinsic absorption a\ and 
the mirror loss Omirror- The mirror loss of a Fabry-Perot resonator has been 
determined in Sect. 1.3 where (24) provides a condition for the laser threshold. 



= “■ + !£'" 



R1R2 



= Rgth ■ 



(73) 



A comparison of (73) and (72) yields a measure for the photon lifetime Tph. 



1 



T"ph 



gr 




1 

R1R2 



VgT Rgth ■ 



(74) 
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Inserting (68) into (71) yields the complete rate equation for the photons 



dNpi, 

dt 



Vgr r g{N, Ao) iVph + r /3sp Tlsp 



fVph 

Tph 



(75) 



Both rate equations, (69) and (75), are stroirgly coupled by the stimulated 
emissioir process, which is a loss mechanism for the carriers and a geireratioir 
process for the photons. The rate equations can be utilized to describe the 
static and dynamic behavior of diode lasers and LEDs. 



4.2 Electrical and Optical Characteristics of Power Diode Lasers 



For all further considerations, the contribution of the spontaneous emission 
to the photon density is neglected (/3sp = 0), which is a good approximation 
for power diode lasers since these devices usually have large mode volumes 
resultiirg in rather low spontaneous-emissioir factors /3sp. 

Wheir a diode laser is operating iir steady state, carrier aird photoir den- 
sities do irot change. 



^ = 0, ^=0 

dt dt 



(76) 



So, the rate equations for the steady-state operation of diode lasers can be 
written as 



qd T 

0 = Vg,rg{N,Xo)Np^-^. 

Tph 

Rearranging (78) yields 



A'ph 



Vgr r g{N, Ao) 




Tph 



(77) 

(78) 



(79) 



and two solutions can be found to fulfill this equation. 



A'ph = 0 , (80) 

which is valid below laser threshold, where no photons are emitted with the 
exception of spontaneously generated photons, and 

Vg,rg(N,Xo) = —, (81) 

Tph 

which describes the situation above threshold. In this case, the gain is coir- 
stant and accordiirg to (74) has a value g{N, Aq) = gth- This behavior is called 
gain clampiirg. The carrier density N = Nth is also constant above threshold, 
since the gain g{N, Aq) is a function of N. 
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To derive the carrier density N below threshold, (80) is inserted into (77) 
giving 



AT ■ 

N = —j 
q a 



(82) 



The carrier density N below threshold is proportional to the density j of the 
injected current. In practice, this relation does not hold because (62) should 
be used to describe the carrier losses below threshold instead of (64). In this 
case, T depends on the carrier density N. 



t{N) 



I 

A + BN + CN^ ■ 



(83) 



To get the photon density above threshold, (81) is inserted into (77) giving 



A^ph = T 



ViTph 

q d 



j-r- 



Tph 



Nth- 



(84) 



The photon density A^ph linearly increases with the injected current density j. 
The threshold current density jth can be derived by setting A^ph = 0. 



Jth 



q d 

m T{Nth) 



Nth- 



(85) 



Inserting this result into (84) yields 



^ph = m (j - Jth) = Vi -T-^ (j - Jth) • (86) 

qd qdvgr 5th 

The dependencies of carrier density N and photon density A^ph versus injected 
current density j are illustrated in Fig. 30 for the realistic case, where an addi- 
tional spontaneous-emission process is considered and a nonlinear gain char- 
acteristic g{N, X) is assumed together with a nonlinear carrier-recombination 
mechanism according to (62). 

Inserting the linear-gain approximation g{N) = ad{N — Ntr) from (70) 
for N = Nth into (81) yields 

Nth = Ntr + = Ntr + — . (87) 

Vgr dd 1 Tph 

Nth is larger than the transparency carrier density Ntr, since photon losses 
at the mirrors and inside the cavity have also to be compensated. These two 
loss mechanisms are combined in the photon lifetime Tph. 

The volume occupied by electronic carriers in an edge-emitting laser is 
the product of the cavity length L, the lateral width W, and the active 
film thickness d. The volume occupied by photons is larger by a factor 1/B 
and therefore has a value {LWd)/r. Since each photon has a quantum en- 
ergy Eph = Tilo, the total optical energy E-pp stored in the Fabry-Perot 
resonator is 



LWd 
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Fig. 30. Carrier and photon density versus injected current density of a diode laser 
as described by the rate equations. Below laser threshold, the device works like an 
LED with uirdoped recombination zone. Above threshold, the optical output power 
shows a linear increase with the injected curreirt. The carrier deirsity and thus the 
optical gain have a constant value. This behavior is called gain clamping 



According to (72), the loss rate for photons through the laser mirrors is 

dNpY, 



dt 



— Q^mirror '^gr ^ ph • 



(89) 



The photons leaving the laser through the mirrors form the laser output. 
The output power P is the energy per time leaving the laser facets. 



P = a„ 






LWd 

P 



(90) 



The photon density A^ph above threshold is given by (86). Replacing the 
current densities j and jth by the currents / and Ith divided by the injection 
area (LW) and inserting this equation into (90) yields 



P = m^^—{I-h^) . (91) 

r 9th q 

Now the threshold condition for the modal gain {P gth) (see (24) and (73)) 



dd 9t\i — Oi{ Oi, 



= + 






(92) 
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can be utilized to complete (91). 

P = m —{I- /th) = — (/ - Jth) . (93) 

Cti + Omirror Q Q 

Above threshold current, the output power P linearly increases with cur- 
rent I. The differential efficiency rid is defined as 



_5_ ^ _ {dP)/{huj) 
huj dl {dl)/q 



(94) 



rjd is the differential increase in photons per time (dP) / (htu) emitted from 
the diode laser divided by the differential increase in injected electrons per 
time {dl)/q above laser threshold. {dP)/{dI) is the slope efficiency in W/A 
from the linear part of the laser characteristic above threshold. 

In Fig. 31, the output-power characteristics of a real broad-area high- 
power diode laser are shown together with the current-voltage characteristic. 
The device shows an electrical-to-optical conversion efficiency of 63%. Dur- 
ing operation of a high-power diode laser, 35-50% of the input power is 
dissipated as ohmic heat in the device. To avoid high device temperatures, 
a proper mounting is necessary, usually by using sophisticated junction-side- 
down soldering processes and water-cooled heat sinks. 




Fig. 31. Characteristics of a 950 nm InGaAs/AlGaAs broad-area diode laser with 
an active stripe width W — 100 pm and a cavity length L = 500 pm [34]. The optical 
output characteristic (continuous line) exhibits a threshold current 7th = 135mA 
corresponding to a threshold current density jth = 270A/cm^ and a differential 
efficiency pa = 0.82. The current-voltage characteristic (dashed line) has a kink 
voltage 1.34 V which corresponds well to the photon energy 75ph = 1.305 eV for 
photons with a wavelength A = 950 nm. From the slope of the characteristic, a 
differential resistance 163 mfl can be derived. The electrical-to-optical conversion 
efficiency (dotted line) exceeds its maximum of 63% at an output power of IW. 
Even at an output power of 2.7 W, the conversion efficiency is above 55% 



Introduction to Power Diode Lasers 



45 



Internal laser parameters like the internal efficiency rji and the intrinsic 
absorption a; can be determined by plotting the inverse differential efficien- 
cies rid versus the cavity lengths L. From (93), the equation 




can be derived. From the intersection of the linear fit with the l/?7d axis 
extrapolated for L = 0, l/rji can be determined. Knowing the values for the 
facet reflectivities R± and i? 2 , cti can be calculated using the slope of the 
fitted line. 

Figure 32 shows an example of this type of plot for broad-area lasers with 
uncoated facets. Usually a rather simple device-fabrication process is em- 
ployed and no device mounting is necessary to perform this characterization 
under pulsed conditions. Beside measurements of the threshold-current den- 
sity, the characteristic temperature, the vertical far-field distribution, and the 
emission wavelength, such examinations have to be routinely performed on 
epitaxial laser material to control and verify the quality of the diode lasers. 

A very important parameter for high-power lasers is the shift of the 
threshold-current density jth with temperature T [35]. This behavior can 
phenomenologically be described by the equation 



jth oc exp 




(96) 




Fig. 32. A linear fit of a plot of the inverse differential efficiency 1 /»7d versus the cav- 
ity length L gives access to the internal efficiency ni and the intrinsic absorption Oi. 
Since the facets of the devices are uncoated, facet reflectivities Ri = R 2 ~ 0.29 have 
been used for the calculations according to (95) 
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where the characteristic temperature Tp is a measure of the temperature 
stability of the device. Figure 33 shows examples of two diode lasers with 
different characteristic temperatures. 




Current (mA) Current (mA) 



Fig. 33. Light-output characteristics of two single-lateral-mode semiconductor- 
diode lasers having different characteristic temperatures To 



4.3 Design Considerations for High-Power Operation 

When operating a diode laser at high output power, there are two main prob- 
lems manufacturers and customers have to struggle with. The first problem is 
the distortion of the beam profile at high output levels. Devices with single- 
mode behavior in vertical and horizontal directions are available up to output 
power levels of approximately 200 mW. Above this power, the device shows 
beam distortions in the lateral direction. This phenomenon is called filamen- 
tation, which implies that there are hot regions inside the cavity where the 
refractive index is increased leading to parasitic optical waveguides, which de- 
stroy the lateral-mode profile. Especially in broad-area devices, filamentation 
is very pronounced. The main effect which causes filamentation, however, has 
a different origin. When the local optical intensity in a device is very high, 
the carrier density is reduced in this area. This behavior is called spatial 
hole burning. Due to the decrease in the local carrier density, the gain is also 
reduced and the refractive index is increased [36]. Taking into account the 
lateral-carrier diffusion and additional contributions from thermal effects, fil- 
amentation is a highly dynamic process which occurs on a picosecond time 
scale. 

Another very important effect is Catastrophic Optical Mirror Damage 
(COMD). An example of this phenomenon is shown in Fig. 34. When a device 
is properly cooled, the output power limitation is caused by a destruction of 
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the facet. A scanning electron micrograph of a facet after COMD is shown in 
Fig. 35. The dynamics of this mirror-degradation mechanism is described in 
detail in [37] and [38]. With the help of suitable facet coatings, the COMD 
effect can be drastically reduced or even completely eliminated [37]. 




Current (mA) Current (mA) 



Fig. 34. Light-output power versus operating current for two single-lateral-mode 
diode lasers. The output power of the device on the left-hand side is limited by ther- 
mal rollover, whereas the device on the right-hand side is destroyed by Catastrophic 
Optical Mirror Damage (COMD) 



The properties of high-power diode lasers with regard to device reliability 
and beam filamentation can be improved by lowering the optical density in 
the device. This measure will result in 

• reduced spatial hole burning and thus better beam quality, 

• more-reliable device operation since regions which increased optical density 
and increased temperature (hot spots) are avoided, and 

• reduced localized power density at the laser facet, resulting in less device 
failures caused by COMD. 

The optical density in the device can be reduced by a suitable vertical 
epitaxial structure [39]. An example of such a device structure is shown in 
Fig. 36. The core region of the vertical waveguide is rather narrow, resulting 
in a broad optical near-held intensity distribution. The near-held distribution 
shown in Fig. 36 has been calculated using the one-dimensional Helmholtz 
equation (39). According to (40), the far held is the Fourier transform of 
the near held. Therefore, a small vertical far-held angle is desired to have 
a low optical density in the optical waveguide. The small far-held angle has 
additional advantages, since due to the lower numerical aperture in the fast 
optical axis, lens and hber coupling is easier. An alternative approach for 
the epitaxial structure of high-power laser uses a broad optical waveguide to 
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Fig. 35. Scanning electron micrograph of the facet region of a ridge- waveguide laser 
where the facet has been destroyed by catastrophic optical mirror damage. The 
pattern of the single-mode optical near-held distribution can be clearly identihed 



achieve a broad near-field intensity distribution. These Large-Optical-Cavity 
(LOG) structures are mainly used in the InGaAs/GalnAsP/GalnP material 
system (see Sect. 2) where a grading of the refractive index in the optical 
waveguide is hard to achieve [20,21]. 

A common way to reduce the optical intensity inside the cavity is the 
reduction of the facet reflectivity. To maintain a high efficiency, such devices 
have to be rather long and their epitaxial structure should be optimized for 
a low intrinsic absorption a;. 
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Vertical Position (/im) 




Fig. 36. Vertical design of a GRINSCH laser structure for high-power operation 
with weak optical confinement. The material composition is shown in the top di- 
agram. The center diagrams show the vertical refractive-iirdex profile n and the 
calculated electrical near- field intensity S together with a Gaussian fit. In the dia- 
gram at the bottom, calculated and measured far-held patterns and a Gaussian ht 
are plotted 
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jth-) Jtr 
J 

k = k 
ko = 27t/Ao 
L 
m 

me, mp 
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Normalized asymmetry and propagation parameters 

Differential gain coefficient 

Einstein coefficients, proportionality constants 

Thickness in vertical direction, film thickness 

Density of electronic states 

Energy, energy levels 

Conduction and valence band energy 

Fermi-level energy 

Quasi-Fermi-level energies for electrons and holes 

Band-gap energy 

Photon energy 

Electric-field vector 

Fermi function 

Quasi-Fermi functions for electrons and holes 
Optical gain, threshold gain 
Electric current, threshold current 
Threshold and transparency current density 
Optical intensity 
Wavenumber, wave vector 
Vacuum wavenumber 
Cavity length 

Order number for optical modes 

Effective masses of electrons and holes 

Refractive index, effective refractive index 

Group effective index 

Carrier and photon density 

Momentum 

Optical power 

Amplitude reflectivity of mirrors 1 and 2 
Intensity reflectivity of mirrors 1 and 2 
Transition rates 
Time 

Amplitude transmission of mirrors 1 and 2 

Temperature, characteristic temperature 

Spectral energy density of blackbody radiation 

Electric voltage 

Velocity, group velocity 

Normalized frequency 

Stripe width, ridge width, lateral width 

Vertical or transverse direction 

Horizontal or lateral direction 

Propagation or axial direction 
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a 

Ap 

7 = a/2 + i A:oneff 

r 

V, Vc 
Vd, Vi 

e 

A, Ao 

V 

p(/huj) d{fiuj) 

'^1 '^ph 

ui = 2 ttv 



Optical intensity absorption coefficient 
Intrinsic absorption 
Spontaneous-emission factor 
Complex propagation number 
Confinement factor 
Efficiency, conversion efficiency 
Differential and internal efficiency 
Far-field angle 

Wavelength, vacuum wavelength 
Frequency 

Spectral photon density 
Carrier and photon lifetimes 
Angle of incidence 
Phase-shift angle 
Angular frequency 



List of Constants 



c = 


1/Veo7o = 2.997 925 X 101° cm/ 


s 


Speed of light in vacuum 




7?phAo = 1.239 852 pm eV 




Photon energy x wavelength 


n = 


= /i/(27t) = 6.582173 X 10-1° eVs 


Reduced Planck constant 




k-B = 8.617 347 X 10-°eV/K 


Boltzmann constant 




/cbT = 25.852 04 meV (T = 


300 K) 


Thermal energy at 300 K 




mo = 9.109 534 X 10-°ikg 




Free-electron rest mass 




q = 1.602189 X 10-1° C 




Elementary charge 




eo = 8.854188 x 10 i^C/(Vcm) Dielectric constant 




po = 47t X 10 °Vs°/(Ccm 


0 


Permeability in vacuum 


Abbreviations for Indices 






B 


Boltzmann 


c 


conduction 


cl 


cladding 


crit 


critical 


d 


differential 


e 


electron 


eff 


effective 


f 


film 


F 


Fermi 


FP 


Fabry-Perot 


g 


gap, band gap 


gen 


generation 


gr 


group 


h 


hole 


i 


internal, intrinsic, incident 


nr 


nonradiative 


p 


particle, peak 


ph 


photon 


rt 


roundtrip 


s 


substrate 


sp 


spontaneous 


stim 


stimulated 


t 


transmitted 


TE 


transversal electric 


th 


threshold 


TM 


transversal magnetic 


tr 


transparency 


V 


valence 
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Abstract. This review gives an overview of the theory and discusses aspects of 
space-time modeling of high-power diode lasers. The dynamic interaction between 
the optical fields, the charge carriers, and the interband polarization are described 
on the basis of microscopic spatially resolved Maxwell-Bloch equations for spatially 
inhomogeneous semiconductor lasers. Thereby the influence of dynamic internal 
laser effects such as diffraction, self-focusing, scattering, carrier transport, and heat- 
ing on the performance of broad-area or tapered amplifiers as well as the individual 
device properties (i.e. its epitaxial structure and geometry) are self-consistently 
considered. 



Ever since its conception over thirty-five years ago, the semiconductor laser 
has attracted strong interest, not only for its experimental and technological 
significance but also for fundamental reasons. Over the years the semicon- 
ductor laser has matured from an exotic device which had to be operated in 
pulsed mode and at cryogenic temperatures with comparatively small out- 
put power to reliable high-power laser devices. It is, in particular, the re- 
cent improvements in material processing and laser technology which allow 
a realization of these large-area high-power diode lasers [1] with high spa- 
tial and spectral purity. However, this enlargement of the active area of the 
lasers not only increases the output power but also leads to instabilities and 
filament ation effects whose origin could be identified to lie in complex mi- 
croscopic spatio-temporal interactions occurring on time-scales of pico- and 
nanoseconds [2,3] . The fact that the interplay of microscopic and macroscopic 
temporal and spatial dynamics strongly determines the overall behavior of 
high-power semiconductor lasers is vividly demonstrated by a direct com- 
parison of the theoretical predictions [4,5,6] with experimental streak-camera 
measurements [7] revealing the characteristic spatio-temporal dynamics of 
broad-area lasers. This highlights that in the high-power semiconductor laser, 
indeed, it is necessary to fundamentally understand the complex interplay of 
microscopic material with macroscopic waveguide and device properties. A 
theoretical investigation and numerical modeling consequently has to include 
both the macroscopic external constraints imposed by a specific type of laser 
structure and a spatially resolved microscopic description of the interaction 
between the optical field and the active semiconductor medium. However, 
most theoretical studies are performed under the assumption of a steady- 
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state condition or, when dynamics are considered, characteristic and impor- 
tant semiconductor-laser properties such as the dependence of the gain and 
refractive index on the charge-carrier density, wavelength or temperature are 
usually omitted [8,9,10]. 

Thus, here we will give an overview of such a theory developed specifi- 
cally for spatially inhomogeneous semiconductor lasers such as laser arrays 
and broad-area lasers [2,3] which, in contrast to the phenomenological model- 
ing, includes the full space and momentum dependence of the charge-carrier 
distributions and the polarization on the basis of Maxwell-Bloch equations 
for spatially inhomogeneous semiconductor lasers [5,6,11]. We will particu- 
larly focus on the amplifier configuration, where a coherent optical signal is 
injected into the high-power semiconductor-amplifier. We will illustrate that 
this technologically extremely important configuration represents an addi- 
tional degree of complexity with respect to the effects which have to be in- 
cluded in a simulation. It is the thermal effects which are known to play an 
important role in the performance of high-power semiconductor-amplifier sys- 
tems. Indeed, in the high-power amplifier systems it is the nonlinear coupling 
of the optical field to the spatio-temporally varying temperature distribution 
which has significant influence on the overall laser properties [12]. 

In the theory discussed here, the microscopic dynamics of the carrier- 
distribution functions and the nonlinear polarization are self-consistently cou- 
pled with relevant macroscopic properties of the semiconductor device. These 
are e.g. the geometry, electronic contacts, epitaxial structure, and facet re- 
flectivities. The direct and self-consistent consideration of the optical and 
thermal properties on a microscopic level, i.e. the spatial and temporal dy- 
namics of the optical fields, the carriers, the interband polarization, and the 
carrier-carrier as well as the carrier-phonon scattering processes allows, an 
identification of the relevant physical processes such as dynamic local-carrier 
generation, carrier recombination by stimulated emission, diffraction, self- 
focusing, carrier diffusion and scattering, dynamic spatial and spectral gain 
as well as induced refractive index. In concert, these effects determine on a 
fundamental level the performance of high-power semiconductor lasers. The 
information on the spatio-temporally varying distributions of the light inten- 
sity and carrier density, dynamic spatial gain, and refractive index as well 
as characteristic temperature distributions which we obtain from our sim- 
ulations thus allow an optimization of the structure and geometry of high- 
power semiconductor-laser devices with respect to spatial and spectral emis- 
sion characteristics and output power. 

1 Microscopic Spatio-Temporal Properties 
of Diode Lasers 

In the following we will, after some introductory remarks on the importance 
of the main physical quantities, use a semiclassical approach to describe the 
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physical processes in a semiconductor-diode laser. Thereby, the macroscopic 
optical fields and the polarization are described in a classical manner whereas 
the dynamics of the carrier distribution and the interband polarization are 
considered quantum-mechanically. 

1.1 Role of Microscopic Spatio-Temporal Properties 
in Macroscopic Laser Characteristics 

In order to optimize the performance of a high-power semiconductor laser 
one may vary its geometry or epitaxial structure. Thereby, it is necessary 
to consider the mutual influence of the light-matter dynamics within the 
active area and the macroscopic spatio-temporal behavior of the optical fields, 
carrier dynamics, spatial and spectral refractive index and gain as well as 
beam characteristics. Before deriving our microscopic theory we briefly list 
some of the main important physical quantities that either enter the theory as 
material parameters or are self-consistently calculated during the modeling. 
Along the way, we will briefly indicate their influence on the performance of 
high-power semiconductor lasers - tendencies which can be directly seen in 
the examples presented in Sect. 2. 

• Optical fields E : the counterpropagating optical fields carry information 
on the spatio-temporal dynamics of the optical near field (both amplitude 
and phase information) within the laser and can therefore be used to calcu- 
late e.g. the temporally varying intensity distribution in the active area or 
snapshots of the near and far fields. Plotting the temporal variation of the 
near field, e.g. at the output facet of the laser, allows a direct comparison 
with experimental streak-camera images. Temporally averaged profiles of 
the intensity allow a comparison with more common experimental results. 

• Carrier density N : the carrier density in the active area allows calculation 
of the spatio-temporal distribution of the inversion and may thus be of im- 
portance for the analysis of the efficiency of the gain reduction by optically 
injected light. 

• Carrier distribution /®’*' : the distribution of electrons and holes provides 
the visualization of the dynamics of spatio-spectral carrier depletion, car- 
rier accumulation and heating in dependence on macroscopic parameters 
such as carrier injection, temperature, material properties, geometry, and 
properties of an injected optical beam. 

• Interband polarization p : the nonlinear interband polarization reveals via 
its real and imaginary parts the dynamic behavior of the spatially and 
spectrally dependent gain as well as the dynamic changes in the spatially 
and spectrally dependent refractive-index distribution. These parameters 
are important for the propagation of the light fields and thus for the spatial 
and spectral beam quality of the emitted radiation. They can be analyzed 
with respect to e.g. their dependence on carrier injection, temperature, 
material properties, geometry, and properties of an injected optical beam. 
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• Generation rate g : the spatially and spectrally dependent generation rate 
allows the localization of high- and low-gain areas in the active area in 
dependence on the corresponding light field and carrier distributions and 
also the analysis of spectral dependence of the gain dynamics. 

• Pump rate A : the spatial injection of carriers followed by a carrier re- 
arrangement in the conduction and valence bands can be analyzed with 
respect to the specific realization of the electrical contact (shape, location, 
etc.) and boundary conditions of the active layer as well as the influence of 
a nonuniformity in the carrier injection on the spatio-temporal carrier-light 
field-dynamics . 

• Relaxation times Tj : they can be calculated for various material systems in 
order to reveal their relevance for different performances (spatio-temporal 
carrier-light field-dynamics, spectra) of semiconductor-diode lasers of dif- 
ferent emission wavelengths. 

• Band gap £g and transition frequency lot : these parameters depend mi- 
croscopically on the carrier dynamics in the conduction and valence bands. 
Thereby Coulomb enhancement, thermalization and carrier-phonon inter- 
actions are self-consistently included. Thus the microscopic carrier dynam- 
ics in the dynamic bands can be used to extract spectral properties such as 
emission frequency or lineshape - also in their dependence on e.g. injection 
current or input-beam characteristics. 

• Temperature T : the dependence of parameters such as e.g. emission wave- 
length or laser threshold on temperature can be compared to experimental 
observations. The self-consistently included thermal interactions can also 
be used to analyze critical aspects such as the formation of bulk damage. 

• Background refractive index n\ and index variations included in rj : the 
lateral and vertical index structure of the active area and the surround- 
ing layers plays an important role for the propagation and guiding of the 
light fields and determines the spatial beam characteristics as well as the 
emission wavelength. 

• Absorption coefficient a : the dynamic absorption coefficient allows the 
determination of loss in dependence on the dynamic band-gap structure. 
Thereby its variation with temperature is included. 

• Confinement factor T : a variation of the confinement factor allows an 
analysis of its influence on the spatio-temporal carrier light-field dynamics 
and on the beam properties. 

• Facet reflectivities and i?2 : the facet reflectivities play an important 
role, in particular for the filament formation and thus the spatial and spec- 
tral beam quality of optically injected semiconductor lasers. 
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1.2 Optical-Field Dynamics 



Starting from Maxwell’s equations, a wave equation for the optical fields E 
in a dielectric medium can be derived [2] 

+ = ( 1 ) 

Splitting the polarization P into a linear (Pi) and a nonlinear part (Pni), 

P = Pi + Pnl = £oXl-® + -f*nl ( 2 ) 



leads after substitution in (1) to 

XiVVP + V2p-^^P = -l[VVP„i]. (3) 

Since typical geometries of the active area in high-power semiconductor-diode 
lasers favor the propagation of light fields perpendicular to the facets (in the 
following: z coordinate) it is a common method [2] to divide the counterprop- 
agating optical fields E, the polarization P and the differential operator V 
into longitudinal and transverse parts with the ansatz 



E = (Pt + e^E^) 


(4) 




(5) 


^ ^ d 

V = Vt + 

dz 


(6) 



where (3 = kz + ia/2 + 5(3 denotes the unperturbed propagation wavenum- 

ber of the optical fields with = nifeg), a is the linear absorption, 5(3 = Sn ko 
denotes the changes in the propagation wavenumber due to carrier- and 
temperature-induced refractive-index changes, and tu is the frequency. This 
results in a transverse wave equation 



XI 



Vt ( V xPt 






' dt ~ dt^ 



—(r[uj‘^ + 2iuj— — 7 — X ) Pt 



1 

+ ~ [ + 2iw— — 7777 ) Pt.iiI 



Vt ( VtPt,ii1 ^ 



' dt ~ dt^ 



-/3^ + 2i/3^ + ^ + V^ 







( 7 ) 



and a longitudinal wave equation 

Xi VtPt + £1 (^—(3^ + 3- VtPz 
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+w + 2io;— — 
at 




E, 
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£o 








uj~ -\- 2icj 

at 







( 8 ) 



The wave equations are now nondimensionalized to the characteristic width w 
of the device, the diffraction length I = = {2'k/\)w^ and the characteristic 

propagation time tr = during which an optical beam covers that 

distance: 



X = wx 



y = wy 

z = Iz (9) 

and 



t = TrI 



w = 



w 

Tr' 



( 10 ) 



In the next step we expand the transverse and longitudinal wave equations 
in powers of the dimensionless number / = w/l = Xjk^w <C 1 [2] and, 
correspondingly, the transverse and longitudinal parts of the optical fields 
and the nonlinear polarization 



= E^y^ + fEf + s 
Ei = fE^ + fEf + s 

= fPf + fPf + s 

Pi = fP^ + fPi'^ + s . ( 11 ) 



Combining these expressions with the wave equations results in longi- 
tudinal and transverse equations in the orders 0{f),0{f^), Finally one 

obtains in first order from the longitudinal equation the expression 

iV^Ef=Ep. (12) 

This can be inserted into the transverse equation, which then reads in first 
order 



9 ivv 

— — V' 

dz 2 



/Of, . \ d 



E. 



(0) 



2 n^eo ■ 



,( 2 ) 

T,nl ■ 



(13) 



In first order. Maxwell’s wave equation for the optical fields E{r,t) and the 
polarization Pni{r,t) is purely transverse, but it may nevertheless be trans- 
versely dependent. 
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In (13) a is the linear absorption and 77 includes static and dynamic 
changes in the permittivity affecting both refractive index and propagation 
wavenumber. The static wavegiiiding structure is a consequence of lateral and 
vertical confinement of the active area. Its spatial dependence can be obtained 
from static perturbation theory and then be included in effective parameters 
such as the background refractive index rq of (13). Dynamic changes arise 
from the time-dependent carrier and polarization dynamics as well as thermal 
interactions. Their influence on the permittivity e and refractive index are 
deduced from the microscopic carrier dynamics and considered in ry whereas 
the change of the emission frequency is included in the microscopic equations, 
which will be described in Sect. 1.3. 

Since the active area of a bulk semiconductor-diode laser is formed by a 
Fabry-Perot resonator the description of the light propagation in the active 
layer requires the simultanoiis consideration of counterpropagating optical 
fields. The optical fields and the polarization are thus composed of two waves, 
and E~ , which counterpropagate in the positive (‘+’) and the negative 
(‘— ’) z-direction in the optical resonator formed by the active area (‘c.c.’ 
denotes the complex conjugate-expression) . 

E = -h c.c.) 

+ C.C.), 



where kz denotes the unperturbed wavenumber. Substituting (14) in (13) 
we thus finally obtain in dimensional quantities the following paraxial wave 
equation for the counterpropagating optical fields E^{r,t) [5] 






d‘‘ 



2kz dx^ 



a 






r 



2 nfeoL 






(14) 



where 



= 2V i^4v(/s)Pni(fc,r,t) (15) 

k 

is the polarization which depends on the microscopic interband polarization 
p(J)(fc,r,t). It is the source of the optical fields and generally describes non- 
linear spatio-temporal variations of the gain and refractive index, k is the 
carrier wavenumber, the position vector r = (x, z) denotes the lateral (x) 
and longitudinal (z) directions, V is the normalization volume of the crys- 
tal and dcv{k) is the optical dipole matrix element. In (14) kz denotes the 
(unperturbed) wavenumber of the propagating fields, rq is the background 
refractive index of the active layer, and L the length of the structure. The 
parameter a considers the linear absorption and rj includes lateral (x) and 
vertical (y) variations of the refractive index due to the waveguide structure 
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as well as dynamic induced changes due to the carrier dynamics and thermal 
interactions. F denotes the optical confinement factor. 

In typical high-power diode-laser devices (Fig. 1) the active layer imposes 
the lateral and longitudinal boundary conditions for the optical fields. The 
light propagating in the longitudinal direction is partially reflected and par- 
tially transmitted, in dependence on the device reflectivities, i?i and i? 2 , 
leading to: 

z = 0,t) = —\/RiE~ { x, z = 0,t) 

E~ {x, z = L,t) = —\/R 2 E~^{x, z = L,t), (16) 





X 

Fig. 1. Schematic of the geometry of a broad-area (a) and a tapered (b) 
semiconductor-diode laser. Charge carriers injected through the contact stripe at 
the top of the device recombine in the active zone. The active GaAs layer {shaded 
light) is located between two cladding layers of AbGai_2,As {white). Light, gen- 
erated by stimulated emission and amplification, propagates in the longitudinal 
z-direction 
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where L denotes the length of the device. At the lateral edges, the active area 
is surrounded by (unpumped) layers of semiconductor media which strongly 
absorb the fields (absorption coefficient Ow)- This is represented by the lateral 
boundary conditions 

^ (17) 

ox 

at a; = w/2 (w is the full lateral width of the laser structure) as well as 

(18) 

at a; = —wj2. 

1.3 Physics of the Active Semiconductor Medium 

The dynamics of the nonlinear polarization, is determined by the microscopic 
interband polarizations p(^j(fc,r,f). The polarizations in turn, depend on the 
dynamics of the distributions of electrons (e) and holes (h) /®T(fc^ r, t). Their 
interplay and the coupling with the optical field are governed by the semi- 
conductor Bloch equations 

^/‘='*'(fc,r,t) = g(fc,r,t) (19) 

-r^p{k, Ti)/®(fc, r, t)f^{k, r, t) - r, t) 

^Pni(k,r,t) = - [iuj{k,Ti) + T~\k,N)] p^^{k,r,t) (20) 

+ ^dc^{k)E^{r,t) [f^{k,r,t) + f'^{k,r,t)] . 

The microscopic generation rate is given by 

g{k,r,t) = -^dcv(fc) [E+{r,t)p+*{k,r,t) + E~{r,t)p~*{k,r,t)] 

+ ^^cv(k) [E^*{r, t)p+{k, r, t) + E~*{r, t)p~i{k, r, t)] . (21) 

feq^{k,r,t) denote the carrier distributions in thermal equilibrium with the 
lattice, each given by the corresponding Fermi distribution. In (20) Tsp(fc,Ti) 
is the spontaneous-recombination coefficient and 7 m- denotes the rate due to 
nonradiative recombination. The microscopic pump term includes the pump- 
blocking effect 

fet(k,r,t) (1 - 

Efe fetik, r, t) (1 - /®T(fc, r, t)) ’ 



A^’^{k, r, t) = A(r, t) 



( 22 ) 
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where the macroscopic pump term 

= (23) 

depends on the space and time dependent injection current density 
with T^efi being the quantum efficiency and d the thickness of the active layer. 
The scattering rates T~^{k,N) and T~^{k,N) in (19) are microscopically 
determined [5] and include carrier-carrier scattering mechanisms and the 
interaction of carriers with optical phonons (LO phonons). Both depend on 
wavenumber and carrier density and thus vary spatio-temporally within the 
active semiconductor layer. The detuning between the cavity frequency iv and 
the transition frequency uit 

1)2 jL2 

nZJ{k, Ti) = £g(Ti) + + S£{N, Ti) - huj 

2rrir 

= h{ujT — to) (24) 



contains via £g and S£ the dependence of the semiconductor band gap on the 
density of charge carriers N and on the lattice temperature T\. The variation 
of the band gap with carrrier density is given by [14] 



6£{N,Ti)=£o 



-a 



(25) 



with the exciton binding energy £q = mre^/(2eg?i^), the exciton Bohr radius 
oo = h^e/^e^rrir), the lattice temperature Ti, Boltzmann’s constant /cb, the 
effective mass mr, and the numerical factors a = 4.64 and b = 0.107. The 
dependence on the lattice temperature can be expressed as [13] 

£g(ri)=5g(0)-niTiV(Ti + U2) (26) 



where fg(0) (= 1.519 eV for GaAs) is the band gap at Ti = 0 K, and v\, vi are 
two material parameters given by v\ = 5.405 x 10“^ eV/K and V 2 = 204 K 
for GaAs, respectively. 

The Wigner distributions, describing the microscopic semiconductor dy- 
namics, are functions of space and momentum. As has been discussed in [5] , 
the spatial transport of charge carriers usually occurs on a much slower time- 
scale in the picosecond up to the nanosecond regime (10 ps-10 ns) than 
the fe-space relaxation of the microscopic variables towards their local quasi- 
equilibrium values occurring on a femtosecond time-scale. This typical sep- 
aration of time-scales between the fc-space and the r-space dynamics allows 
us to treat both regimes separately, with the influence of spatial gradients 
on the fc-space dynamics often being negligible. Transport of carriers thus 
effectively occurs as ambipolar transport of electrons and holes allowing one 
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to derive a macroscopic transport equation for the carrier density N(r,t) [5] 
and a corresponding relaxation equation for the energy densities t) [12] 



^fV(r, t) = V (HfV N{r, t)) + A{r, t) + G{r, t) 



-7nrfV(r,t) - W{r,t) 



(27) 



d 






t) - W:^^{r, t) - t) (28) 

with spatially structured carrier injection {A and d.®’^), carrier recombination 
by stimulated emission (G and G'^^), nonradiative recombination (7nr-^ and 
7nrW®’*'), spontaneous emission {W and W^'^) and carrier-phonon relaxation 
(i?®dj recombination of charge carriers, which occurs at the lateral 

edges of the structure, is modeled by using characteristic values of the surface 
recombination velocity coefficient Vsr via the boundary conditions 
dN 

^ (29) 

at X = wl 2 and 
dN 



dx 



= +VsiN 



(30) 



at a; = —wj^. In (27), Hf is the ambipolar diffusion coefficient given by 
cr*'£)® -h 



Di = 



(31) 



with the conductivities of electrons and holes, [5]. The macroscopic gain 
is given by 

G = xeol2h (^\E+\^ + \E-\^)-l/^niu,[E+P+* + E-P~C], (32) 

where Im[. . .] denotes the imaginary part and the spontaneous emission reads 
W{r, t) = V-^ ^ r,p(fc, TOr (fc, r, r, t), (33) 

k 

with a phenomenological rate of spontaneous emission [15]. The correspond- 
ing expressions in the heat equations are, with e®’*'(fc) = 7i^/2me,h, 



d®/(r, t) = V-^ Y. r, t) 



(34) 



C:d(r,f) = ^ 

“ ^ ^ 2U^V 



[|if+(r,f)|' 



cy-i^e®d(fc): 



+ \E-{r,t)y 

nHKN) 



i4v(fc)r 



^ aJ^(fc,Ti)+rp-^(fc,fV) 

X [/®(fc,r,t) -h f'^{k,r,t) - l] 
VF„®d(r, t) = V-^ Y e"’^fc)^sp(fc, Ti)/®(fc, r, t)f^{k, r, t). 



(35) 

(36) 
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The relaxation term 






( 37 ) 



'■r 

ph ph 



^ e^^\k) r-, t) - r, t)) 

Tpo [H, JV j 



includes carrier-phonon interactions, where, in particular, the polar optical 
phonons are considered in dependence on density and wavenumber. On 

the basis of a grand canonical ensemble interpretation having both energy and 
particle contact and exchange with the environment, the carrier density N 
and the carrier energies u®’*' can be expressed as functions of the independent 
variables of the chemical potentials /r®’^ and the plasma temperatures Tpj*'. 

Solving the resulting set of equations for the plasma temperatures Tpj^ leads 
to [12]: 

t) - t)N{r, t), (38) 



where [. . .] denotes the temporal derivativ. and the Jacobian derivates J®’*' 
and are given by 











( du®’‘'(r-,t) dN^’^{r,t) 


du®’‘'(r-,t) diV®’‘'(r-,t)\ 


(39) 




l^dr;;‘'(r-,t) dM®’>'(r-,t) 


d/r'=.h(r.,t) dTp®i'‘'(r-,t) J 




^dw®’‘'(r-,t) dN^’'^{r,t) 




(40) 


d^«'h \ 


^dT^f^{r,t) d/i®’h(r-,t) 


dT;f^(r,t) J 



The dynamics of the lattice temperature is given by 
Ti(r, t) = - 7 a [Ti(r, t)-T,]+'£^ Kir, t) - Ti(r, t)] 

ph ph 

+J®(r,t)7r-V-i^e®(fc);^ {r{k,r,t) - f^^{k,r,t)) 
k P° 

ph ph 

+J))(r,t)7r-2l/-i^e*'(fc)4- - f^^{k,r,t)) 

k 



+hu;jnrN{r,t) 



J^A^R 

Cql^BAL 



(41) 



where —7a describes the relaxation to the ambient temperature Ta, Cq is the 
specific heat, R denotes the total resistance, A is the cross section, and Vbal 
the volume of the active zone. 
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2 Spatio-Temporal Dynamics 
of High-Power Diode Lasers 

The system of equations (14) and (19) describing the microscopic and macro- 
scopic carrier-light field-dynamics in the active area of semiconductor lasers 
is the basis for a numerical modeling of the performance of high-power semi- 
conductor lasers based on microscopic principles. This allows, in particular, 
an analysis of the temporal behavior of the optical fields and the carriers as 
well as the spatio-temporal variation of the gain, the emitted wavelength, the 
induced refractive index, and the spatial beam characteristics (far field, near 
field) . 

The approach taken here incorporates the full microscopic spatio-tem- 
poral dynamics together with the relevant macroscopic properties of typical 
high-power semiconductor lasers. It thus represents a firm and well-founded 
basis for the analysis of relevant physical processes which influence the macro- 
scopic operating characteristics of the devices. It also generally applies to 
semiconductor-laser systems with a large variety of geometries and active- 
material systems. To be specific, we will in the following focus on typical 
III-V semiconductor-material systems and use the relevant parameters for 
the GaAs-AlGaAs system [16]. 

In the following sections we will discuss typical examples which illus- 
trate the way the microscopic dynamics and the material properties di- 
rectly influence and determine the macroscopic performance of high-power 
semiconductor-laser systems with optical injection. 

2.1 Optical Injection 

The microscopic modeling allows one to consider an optical injection in a 
very general and detailed way: not only the input power serves as an input 
parameter, but also the spatial and spectral shape and angle of incidence are 
self-consistently transferred to the internal dynamics. 

The laterally dependent injected light field at the possible injection po- 
sitions z = 0 or z = L may conveniently be expressed via the boundary 
conditions 

E~^{x, z = 0,t) = —RiE~(x, z = 0,t) + Einj{x, z = 0,t) 

E~{x, z = L,t) = —R 2 E~{x, z = L,t) + ifinj(a:, z = L,t), (42) 

where 

Einj (x, z = 0, L, f) = A? j (x, z = 0, L, t) 



-i tan"i f ) 


exp 











X exp 



(43) 
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with 



Eini {x,z = 0,L,t) = {x,z = 0,L, t) 



xTi _2 exp [— iwinj(2; = 0, L)t] exp — 




X exp — — (x — xo) sin (ainj) (z: = 0, L) 

A 



R{z) = z -\ — ^ . 

z 



(44) 



In (43), we have assumed a Gaussian-shaped monofrequent optical injection. 
T\ 2 = 1 — R \.2 are the transmissions of the front and back facets and x — xq 
is the lateral distance from the lateral injection position xq. 0Jinj(z = 0, L) = 
27tc/ (Ainj(2 = 0, L)) and ainj(-z = 0,L) are the frequency and the injection 
angle of the injected light field, respectively, zq = Trrcg/Ainj is the Rayleigh 
range, R{z) is the radius of curvature of areas of constant phase and 2?iio the 
beam waist of the injected beam. Since propagation after entering the active 
layer occurs automatically via Maxwell’s wave equation, no term which 
is usually a part of the formula for Gaussian beams has to be considered 
here. Equation 44 describes the laterally varying amplitude of the injected 
optical field after transmission in the active layer, including the phase change 
between different lateral positions due to the angle of incidence. Thus, (43) 
very generally represents the dynamic spatio-temporally resolved injection of 
an optical beam or pulse and allows one to optimize the injection (e.g. width 
of the injected light beam, angle of incidence, frequency with respect to the 
gain bandwidth of the amplifier) or to analyze the physical effects during the 
interaction of one or several light fields with the carrier dynamics, such as 
in the case of dynamic wave mixing when using injection of various different 
light beams from one or opposite sides. 

2.2 Influence of Laser Geometry and Facet Reflectivities 

Figure 1 shows typical structures of broad-area (a) and tapered (b) devices 
with an active layer (here: GaAs) sandwiched between cladding layers (here 
Ala^Gai—a: As) . 

The broad-area structure is usually gain-guided, whereas the tapered 
structure may have a special index structure in the narrow part serving as 
an optical waveguide. The geometry and the boundary conditions (e.g. the 
reflectivities of the facets) of the device are important for the propagation 
and reflection of the light in the active layer [17]. 



2.2.1 Broad- Area Amplifier 

Broad-area amplifiers, used in a Master-Oscillator-Power-Amplifier (MOPA) 
configuration [18], are very appropriate for the generation of high output 
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Fig. 2. Amplification and longitudinal self-structuring of an injected optical CW 
signal within the active layer of a broad-area semiconductor laser. The plot displays 
a snapshot of the intra-cavity intensity ~ (| E'^{r,to) -f | E~{r,to) 

The power of the injected optical CW signal is Pinj = 10 mW. Dark shading cor- 
responds to low intensity and bright colours to areas of high intensity. The optical 
signal is injected from the left and the outcoupling facet is located at the right- 
hand side of the laser. Its transverse stripe width is w = 100 pm. The longitudinal 
extension corresponds to 750 pm 




powers in an almost-diffraction-limited beam. As an example, Fig. 2 shows 
a snapshot in the active area of an anti-reflection-coated broad-area laser 
at an amplifler current of 1 A with an injected optical power (from the left 
in Fig. 2) of 10 mW, 500 ps after injection. The longitudinal and trans- 
verse intensity modulations arise from internal microscopic carrier-carrier 
and carrier-phonon scattering processes and charge-carrier transport leading 
to combined self- focusing and diffraction. This self-structuring is character- 
istic for high-power diode lasers, and occurs even if the pump profile and the 
shape of the input beam are assumed to be uniform. The diffusion of charge 
carriers with a typical diffusion length of 18 pm leads, together with the 
density-dependent momentum relaxation of the carriers on time-scales of the 
order of ~ 50-100 fs, to the formation of a multitude of intensity maxima in 
the active layer. The partial reflection at the facets - the reflectivities were 
chosen as 10“^ in the example shown - and the interaction with the diffrac- 
tion grating built up by the density distribution increase the counterpropa- 
gation effects, so that the formation of structures depends very critically on 
the injection current as well as the reflectivity of the facets. Our simulations 
generally allow a systematic variation of these parameters. Figure 3 shows for 
example an intensity snapshot for the analogue-amplifier configuration with 
a rather high reflectivity of 10“^. As can be seen from Fig. 3, the increased 
counterpropagation effects lead to stronger dynamic changes in the carrier- 
light field-dynamic and thus with a higher degree to intensity structures and 
filament formation. For growing reflectivity an increasing percentage of the 
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0 ^ 750 

z [urn] 

Fig. 3. Same configuration as Fig. 2 but with facet reflectivities i? = 1 x 10 ^ 

optical fields is back-reflected into the resonator, enhancing the formation of 
dynamically varying longitudinal and transverse structures in the intensity 
distribution. The interaction of the counterpropagating optical fields reduces 
the influence of the input beam and thus deteriorates the spatial and spectral 
quality of the amplified radiation. The spatio-temporal variation of the in- 
tensity is accompanied with corresponding dynamical changes of the carrier 
density, the macroscopic gain, the refractive index and temperature which 
reveal further information on the spatio-temporal dynamics of high-power 
semiconductor lasers [17]. 

2.2.2 Tapered Amplifier 

The tapered-amplifier geometry has recently attracted growing theoretical 
[6,19,20], experimental [21] and technological [22] attention. A detailed dis- 
cussion of a corresponding high-power diode-laser structure is presented in 
Chap. 7. Here, the tapered geometry is briefly discussed in the context of this 
chapter’s objective. The tapered geometry can partly suppress the dynamical 
transverse intensity structures in the amplifier and leads - due to the small 
lateral and vertical dimension of the waveguide - to a high small-signal gain. 
However, the tapered amplifier may also exhibit dynamic intensity structures 
and the ideal situation strongly depends on the particular operating condi- 
tions and the laser geometry. 

Figure 4 displays a characteristic snapshot of the intensity distribution 
of a tapered amplifier with wi = 5 pm, W 2 = 100 pm (Fig. lb), and an 
overall cavity length L = 1.5 mm, about 500 ps after injection of the op- 
tical beam. From comparing the snapshot in Fig. 4 with the corresponding 
intensity distributions in the broad-area amplifier (Fig. 2) it follows that the 
particular geometry of the tapered amplifier is more appropriate for the am- 
plification and guiding of the diverging propagating light, and the transverse 
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Fig. 4. Snapshot of the intensity distribution in the active layer of a tapered am- 
plifier for an injected CW signal of 1 mW 



structures in the intensity distribution are suppressed more efficiently. The 
residual reflectivities of the facets (which were again chosen to be 10“^) and 
the interaction with the density distribution in the active area still lead to 
spatio-temporally varying intensity distributions. In comparison with the lin- 
ear broad-area amplifier (Fig. 2), the ‘beam shaping’ by the tapered shape 
of the amplifying section helps to avoid transverse structures and fllamenta- 
tion. Thus, for given experimental situations, such as amplifier current and 
input power, a systematic analysis of the influence of the amplifier geometry 
(overall length, length of the preamplifier, angle of the tapered section) can 
be achieved by a variation of parameters and calculation of the respective 
light fields and carrier distributions, which may be decisive for the spatial 
and spectral stability of the emitted beam. Usually, one can extract that 
the preamplifier should have a length of several 100 |xm in order to provide 
preampliflcation and mode selection, and the angle of the tapered section 
should coincide with the diffraction angle of the propagating Gaussian beam. 
The quality of the AR coating turns out to be particularly important in the 
case of the tapered amplifier. As an example Fig. 5 shows a snapshot of the 
intensity distribution in a tapered amplifier with a facet reflectivity of 10“^ 
illustrating the increased counterpropagation of the optical fields. In com- 
bination with the geometry of the active layer, this leads to the formation 
of strong and irregular intensity fluctuations. The internal spatio-temporal 
dynamics dominates over the amplification of the injected input beam, and 
the amplifier shows multi-mode lasing behavior. 

2.3 Dynamics of Optical-Emission Characteristics 

Typical dimensions of the active layer of high-power semiconductor lasers 
range from 100 pm to 3000 pm, while the diffusion and diffraction length. 
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Fig. 5. Snapshot of the intensity distribution in the active layer of a highly pumped 
tapered amplifier (7 = 1.2 A) with a facet reflectivity 7? = 1 x 10“^ 
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Fig. 6. Temporal behavior of the near field at the position of the output facet for 
a reflectivity of (a) 1 x 10“® and (b) 1 x 10“^ 
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or the internal coherence length, all lie in the |J.m regime. As a consequence, 
spontaneous formation of optical filaments has for quite some time been ob- 
served. Recently, it has been shown that in broad-area lasers the optical 
structures vary dynamically both in transverse [7] and in longitudinal direc- 
tions. Thus, in a MOPA system also, the spatio-temporal modulations within 
the broad-area amplifier interact with the propagating beam and contribute 
significantly to the spatial and spectral quality of the emitted light. As the 
spatio-temporal dynamics in high-power semiconductor lasers is also gener- 
ally strongly dependent on material properties (epitaxial structure, wave- 
guiding properties, residual reflectivity of the facets, carrier injection) and 
operating characteristics (injection current, power and spatio-spectral qual- 
ity of the injected beam) a profound understanding of the dynamical behavior 
is of great interest. As an example. Fig. 6 shows the temporal behavior of the 
intensity distribution, /(x ,2 = L) ~ | E'^{x,z = L) \'^ + \ E~{x,z = L) p, 
at the output facet for an amplifier with low (Fig. 6a, R = 10“®) and with 
high (Fig. 6b, R = 10“^) facet reflectivity. The temporal behavior of the 
amplifier with a low reflectivity of 10“® (Fig. 6a) is rather stable in time. 
Only very slight intensity fluctuations arise due to the residual reflectivity 
and the diffraction in the density pattern. In addition, small transverse struc- 
tures can be seen due to the microscopic scattering and relaxation processes. 
In the case of the amplifier with high a reflectivity of 10“^ (Fig. 6b) strong 
intensity modulations appear in space and time due to the increased coun- 
terpropagation. 

The influence of this tendency on the spatial beam characteristics can 
be seen in Fig. 7a-d. The temporally averaged near-held and far-held pro- 
hles show fewer structures in the case of the good anti-rehection coating 
(Fig. 7a,b). There, most of the amplihed light is contained in the diffraction- 
limited central lobe of the far-held distribution. Note that although the in- 
jected beam was assumed to have a uniform Gaussian shape, the small trans- 
verse modulations of the emitted radiation cannot be suppressed completely, 
because the light-held and carrier dynamic lead to temporal variations on a 
picosecond time-scale and spatial variations in the pm regime, both giving 
rise to the structures in the temporal averaged values. 

2.4 Spatial and Spectral Carrier Dynamics 

In the simulation, the dynamics of the microscopic properties - which de- 
termine the macroscopic variables discussed so far - are self-consistently 
calculated at every spatial location. The microscopic variables can very of- 
ten rehect macroscopic properties. An important way to analyse the spatio- 
temporal behavior of high-power semiconductor lasers is for example to look 
at the deviation of the carrier distributions of electrons and holes from their 
quasi-equilibrium values and at the interband polarization. These Wigner 
distributions include on a microscopic level the dynamic spatial and spectral 
carrier-light held-dynamics. 
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Fig. 7. Temporal average spatial beam characteristics for a broad-area amplifier 
with injection of a Gaussian CW beam: (a) near field for R — 1 xlO“®, (b) far field 
for R = 1 xlO“®, (c) near field for R = 1 xlO“^, (d) far field for R = 1 xlO“^ 



In the following we analyse examples of the Wigner distributions for the 
situation of a broad-area amplifier (/ = 1.2 A, L = 750 pm, w = 100 pm, 
i?i = i ?2 = 10“^) with optical injection of a Gaussian CW beam with a 
total power of 20 mW. 

Figure 8a-f shows for three characteristic values of Amj snapshots of the 
dependence of the electron (left column) and hole (right column) Wigner 
distributions Sf^{k,z,t) = /®(fc, 0, z, t) — /|q(fc, 0, z, t) and 6f^{k,z,t) = 
f^{k,0, z,t) — /^q(/c, 0, z, t) on the wavenumber k and the longitudinal po- 
sition z in the center a; = 0 of the broad-area laser. The propagating beam 
has, after a number of passes, significantly led to a deviation of the carrier dis- 
tributions from their equilibrium values each given by FermGDirac statistics. 
In principle, the distributions of electrons and holes show a similar behavior. 
However, due to the band structure and to the difference in effective masses, 
the absolute values are not identical. In Fig. 8a,d the wavelength of the in- 
jected beam has been set to 815 nm, the maximum of the gain bandwidth 
of the laser. Thus, the spectral depletion of the carrier distribution is very 
high, and the longitudinally increasing but spectrally well-confined kinetic 
trench lies within the gain maximum. The dependence on Ainj becomes ap- 
parent when comparing Fig. 8a, d with Fig. 8b,e and Fig. 8c, f, where Ainj is 



Dynamics of High-Power Diode Lasers 



75 




Fig. 8. Snapshots of the nonequilibrium Wigner distributions of elec- 
trons z, to) {left column) and holes 6f^{k, z, to) {right column). The injection 

of the optical beam into the active layer of the broad-area laser occurs (a,d) at res- 
onance with Ainj = A = 815 nm, (b,e) at a wavelength detuning SX = 20 nm, (c,f) 
at a strongly nonresonant excitation (Ainj = 765 nm) 
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815 nm, 795 nm, and 765 nm, respectively. As the input beam determines 
the progression and the position of the kinetic trench in the generation rate, 
a shift of Ainj towards shorter wavelengths results in a corresponding spec- 
tral drift. In addition, high detuning towards absorbing states leads, due to 
interaction with the longitudinal optical phonons, to the situation depicted 
in Fig. 8c, f where a significant proportion of carriers has accumulated in the 
heated nonequilibrium states at fc ~ Gap Stimulated recombination at reso- 
nance, however, is prevented by the particular distribution of the generation 
rate and refractive index (see Fig. 9c,f). As a consequence, the laser adjusts 
its emission wavelength accordingly and the depletion of carriers takes place 
at wavelengths corresponding to k ~ 7oq 

2.5 Spatial and Spectral Refractive-Index and Gain Dynamics 

As already mentioned in Sect. 1.1, the spatio-temporal and spectrally resolved 
modeling can be used to extract parameters such as the carrier-induced re- 
fractive index and the spatio-spectral gain. Both are important for the prop- 
agation of the light fields and thus the spatial and spectral beam quality. 
In Fig. 8 the shape of the kinetic trench burnt into the carrier distributions 
by the optical fields is considerably smoother than both the real (Fig. 9a-c) 
and imaginary part (Fig. 9d-f) of the interband polarization. In the polar- 
ization (Fig. 9), longitudinal structures appear on length scales which span 
a regime from 10 pm to 100 pm. These nonlinear structures reflect the 
density-dependent microscopic relaxation of the polarization [5] which, due 
to the propagation of the optical beam, is directly transformed to a charac- 
teristic length scale. Consequently, the microscopic spatio-spectral dynamics 
of the interband polarization being governed by the fast carrier-carrier and, 
in particular, by the carrier-optical-phonon scattering processes, determine 
both spectral and spatial scales of the light-matter interaction within the 
active area: it is these modulations in the polarization which act as an in- 
duced macroscopic distributed feedback grating and which are the seeds of 
the longitudinal variance of the intensity distribution (see Fig. 2). Together 
with the spatio-temporal variation of the carrier density they lead to the 
nonstationary spatio-temporal dynamics of semiconductor-diode lasers. 

The combined spatial and spectral variation of the interband polarization 
displayed in Fig. 9 demonstrates the influence of the microscopic spatio- 
spectral dynamics on the nonlinear gain and refractive-index variations. The 
real part of the nonlinear polarization shown in Fig. 9a-c visualizes the spec- 
tral dependence and longitudinal variation of the generation rate and thus 
the spatio-spectral distribution of the optical gain. Note that in Fig. 9a, d 
negative values of p(,(fc,z,to) represent positive local gain. The correspond- 
ing spatial variation of the dispersion of the nonlinear induced refractive 
index Sn can on the other hand be directly deduced from the A:-dependence 
of Pz{k, z, to) (Fig. 9d-f). Noting, that generally —Sn ~ p", the longitudinal 



Dynamics of High-Power Diode Lasers 



77 






Fig. 9. Snapshots of the nonequilibrium Wigner distributions of the real 
z,to), left column) and imaginary parts {p”{k, z,to), right column) of the 
interband polarization. The injection of the optical beam into the active layer of 
the broad-area laser occurs (a,d) at resonance with Ainj = A = 815 nm, (b,e) 
at a wavelength detuning 5X = 20 nm, (c,f) at strongly nonresonant excitation 
(Ainj = 765 nm) 
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shape of p”{k,z,to) (Fig. 9d~f) reveals the density dependence of the in- 
duced nonlinear refractive index. If the optical beam is injected at resonance 
(Fig. 9a, d) the propagating light field gains in amplitude and thus leads to a 
rising depletion of the density of charge carriers and to an increase in gain. 
This, in turn, causes an increase of the refractive index within the cavity 
from z = 0 to z = L. With increasing wavelength detuning. Fig. 9b, e and 
Fig. 9c, f show that the carrier heating effects gain influence while at the same 
time the carrier depletion by stimulated emission is reduced: fewer and fewer 
electron-hole pairs are locally available at momentum states (wavelengths) 
suitable for recombination. Thus, with decreasing wavelength, the real and 
the imaginary parts of the interband polarization (Fig. 9) change their sign 
towards absorption. 

3 Conclusion 

We have given an overview of the theory of high-power semiconductor lasers 
and have selectively discussed the macroscopic and microscopic spatio-tem- 
poral dynamics of broad-area and tapered diode amplifiers. Our theory and 
the numerical simulations are based on a microscopic spatially, spectrally, and 
temporally resolved Maxwell-Bloch model for semiconductor lasers which 
self-consistently includes, in particular, opto-electronic and thermal proper- 
ties of the active semiconductor-laser area and generally allows an investi- 
gation of diode-amplifier systems with variable geometries, as well as spe- 
cific laser-material systems. It therefore can reveal typical relevant properties 
which influence the overall performance of the device: the spatio-temporal 
distribution of the intensity within the laser cavity, the charge-carrier den- 
sity, the local nonlinear gain as well as the carrier-induced refractive index. 

Since transverse and longitudinal dynamically varying structures and fil- 
aments caused by the carrier-light-field interactions within the active layer 
strongly influence the optical properties of high-power semiconductor-diode 
lasers, the analysis and prediction of the spatio-temporal dynamics is ex- 
tremely important when designing semiconductor-diode-laser systems. The 
simulation results discussed in this chapter have recently lead to an im- 
proved interpretation of experimental data obtained at the University of 
Kaiserslautern (c.f. chapter “Properties and Frequency Conversion of High- 
Brightness Diode-Laser-Systems” by K.-J. Boiler et al. of this book). The 
flexibility of the modeling allows us to vary and eventually optimize typical 
device geometries and operating conditions. By revealing the internal spatio- 
temporal processes within the semiconductor-laser, the self-consistent micro- 
scopic theoretical description provides a new way to describe and analyse the 
physical effects which determine the spatio-temporal behavior of semiconduc- 
tor MOPA devices. 
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List of Symbols 

E Optical fields 
N Carrier density 

Carrier distribution (e: electron, h\ hole) 
p Interband polarization 
g Generation rate 
A Pump rate 
L Cavity length 

w Stripe width of the broad-area laser 
d Thickness of active layer 
Tic Refractive index of the cladding layers 
rii Refractive index of active layer 
n Effective index 
£ Permittivity 
A Laser wavelength 
Ri Front facet-mirror reflectivity 
i?2 Back facet-mirror reflectivity 
jnr Nonradiative recombination rate 
Esp Spontaneous-recombination coefficient 
oq Exciton Bohr radius 
mo Mass of the electron 
rrie Effective electron mass 
ruh Effective hole mass 
Band gap energy 
CUT Transition frequency 
a Absorption coefficient 
Tji Injection efficiency 
r Confinement factor 
Ow Absorption 

far Surface recombination velocity 
kz Wavenumber of the propagating field 
dev Opticle dipole-matrix element 
k Carrier wavenumber 
U~h Carrier relaxation rate 

(carrier-carrier and carrier-phonon (LO) scattering) 
Carrier-phonon scattering rate 
7a Relaxation rate to the ambient temperature 
u®’*' Carrier energy 
Ti Lattice temperature 

Tpi’** Plasma temperature of electons (e) and holes (h) 
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Abstract. Excellent semiconductor-material quality is an essential prerequisite for 
the fabrication of high-power diode lasers and laser bars. This review discusses issues 
in the epitaxial growth of semiconductor materials and layer sequences that form 
the basis for diode lasers. First, an overview of the material systems used for diode 
lasers with emission wavelengths extending from the far-infrared to the blue range 
of the spectrum is presented. The following sections then concentrate on materials 
that have, until now, been used for high-power diode lasers: the GaAs-based, and to 
a lesser extent also the InP-based members of the III-V family (Al, Ga, In) (As, P). 

Different growth techniques are described, with stress on the two modern meth- 
ods " Molecular-Beam Epitaxy (MBE) and Metalorganic Vapor-Phase Epitaxy 
(MOVPE) - that are currently used for the growth of diode-laser structures. An 
attempt is made to compare the relative strengths and weaknesses of these epitaxial 
growth techniques. 

The issues of purity, ordering (observed for example in GalnP), phase separa- 
tion (occurring for certain compositions of GalnAsP) and p- and n-type doping for 
the constituent III-V materials found in high-power diode lasers are discussed in 
detail. The sequential growth of layers of controlled thicknesses, composition and 
doping prohles to build up the desired heterostructures requires careful optimiza- 
tion of the growth processes, especially at the heterointerfaces. While most of the 
layers within the heterostructure are lattice-matched to the underlying substrate, 
the active, light-emitting layer usually consists of one or more strained quantum 
wells (QWs). The advantages of such strained layers along with the corresponding 
implications from the growth viewpoint are highlighted. Finally, an overview of 
the different material combinations used and the state-of-the-art for 600-1060 nm 
emitting GaAs-based diode lasers is presented. 



The first reports on semiconductor-diode lasers [1] date back to 1962. 
Since then these devices have been realized over a wide range of emission 
wavelengths in a variety of material systems. Since the first demonstration 
of the semiconductor laser, threshold-current densities have fallen by more 
than three orders of magnitude, due to various breakthroughs made possible 
primarily by advancements in crystal-growth technologies. Improvements in 
Liquid-Phase Epitaxy (LPE) in the early 1970s enabled the realization of the 
Double Heterostructure (DH) concept and Continuous- Wave (CW) operation 
of GaAs/AlGaAs lasers, while progress in growth technologies like Molecular- 
Beam Epitaxy (MBE) and Metalorganic Vapor-Phase Epitaxy (MOVPE) 
were responsible for the development of quantum- we 11 lasers, which are the 
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basis of most high-power diode lasers today. This review describes and com- 
pares the different epitaxial growth methods used to fabricate diode lasers in 
various material systems and examines important growth-related issues such 
as doping, ordering and homogeneity that are essential for the successful 
fabrication of high-performance lasers. 

The basic transverse structure of most edge-emitting diode lasers is quite 
similar (Fig. 1). In the Separate Confinement Heterostructure (SCH) design, 
light generated by band-to-band recombination in the Quantum- Well (QW) 
active region is confined in the transverse (vertical) direction by means of the 
waveguide formed by the cladding and confinement layers. In the longitudinal 
direction the laser cavity is defined by the two mirror facets formed by cleav- 
ing along crystallographic planes of the substrate crystal. Confinement in the 
lateral direction is achieved by gain- or index-guiding, the latter typically 
accomplished using etched ridges or through buried structures fabricated via 
multi-step epitaxy. 

Lasers with emission in the far infrared are primarily of interest for 
monitoring and measurement applications. Using lead salt materials like 
PbS, PbSnTe or PbEuSe, wavelengths between 30 |xm and 2.5 pm can be 
achieved [2] . All these devices work only at cryogenic temperatures with out- 
put powers in the mW range. In the range 4 pm to 2.5 pm GaSb-based devices 
have shown better performance than the lead salt-based ones [3], including 
room-temperature operation at 2.8 pm [4]. While diode lasers rely on recom- 
bination between conduction and valence bands, quantum cascade lasers [5] 
based on intersubband transitions have also been used to reach the mid-IR 

Contact stripe (~100|im) 




Fig. 1. Schematic representation and far-held beam pattern of a typical broad-area- 
type edge-emitting semiconductor laser 
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wavelength range. As the transition energy in these structures is determined 
only by the multi-quantum-well structure design and not by the fundamen- 
tal band gap, they offer a high degree of flexibility in wavelength selection 
by tailoring the depth and width of GaAs/AlGaAs or GalnAs/ AlInAs QWs. 
Further, these structures are based on well-established GaAs or InP technol- 
ogy. Intensive research has resulted in quantum cascade lasers outperforming 
lead salt and other diode lasers in the 3.5 |xm to 17 pm wavelength range: 
lasers emitting at 8 pm have demonstrated peak power > 0.5 W and average 
power of 14 mW at room-temperature [6] with more than 1 W GW being 
reported [7] at 30 K. 

The wavelength range of 1900-1100 nm can be covered with the InP-based 
materials GalnAs(P) and (Al)GalnAs. The most-prominent applications here 
are lasers for optical-fiber transmission around 1300 nm and 1550 nm [8,9]. 
While most fiber-communication applications do not require high power, re- 
search efforts in this wavelength range towards enhanced output power are 
driven by emerging areas such as illumination, range-finding, free-space com- 
munications and marking. 

GaAs-based devices cover the wavelength range from around 1060 nm to 
630 nm. Strained InGaAs QWs are typically used in the active region for 
devices operating in the infrared above 850 nm. Adding P allows one to shift 
the wavelength down to approximately 730 nm with quaternary GalnAsP 
QWs. Even shorter wavelengths down to 715 nm can be achieved using GaAsP 
or AlGa(In)As active regions. Visible (red) wavelengths in the 630-690 nm 
region are realized with GalnP QWs. These active regions can be combined 
with AlGaAs/AlGaAs (above 730nm), GalnP/ AlGalnP, GalnAsP/GalnP 
(above 800 nm) or GalnP/ AlGaAs waveguide and cladding layers, and are 
discussed in detail in this review. 

Blue-green laser diodes have been fabricated using II-VI materials, where 
lattice matching to GaAs substrates can be achieved using the ZnMgSSe- 
based system [10]. While laser operation in the 470-530 nm range has been 
demonstrated, device lifetimes are still limited. Despite the absence of a 
lattice-matched substrate, GaN-based diode lasers have taken the lead in 
the short-wavelength (blue and green) region with an amazing speed. It took 
only three years from the first reports on blue LEDs made from Ga(In)N until 
GW operation at room-temperature from diode lasers was reported [11]. 

Among the materials discussed above, only the GaAs-based ones are at 
present commercially used for high-power diode lasers with powers greater 
than 1 W in multimode operation or greater than about 100 mW single mode. 
The market for devices with > 1 W power in the 780-980 nm range is the most 
rapidly expanding section of the diode-laser market with 1997 revenues of US 
$131 million [12]. The driving force behind these developments mostly comes 
from the requirements in pumping of fiber amplifiers and various solid-state 
lasers as well as applications in printing, graphics and medicine. Another 
reason for the dominance of GaAs-based devices is the relative maturity of 
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GaAs technology which is pushed by both microelectronic and optoelectronic 
applications. GaAs substrates with the low dislocation density necessary for 
reliable high-power operation are readily available today. Further, for GaAs- 
based materials, the epitaxial growth methods discussed in this chapter have 
been developed to a level not yet achieved for other materials. Similarly, GaAs 
processing has reached the level of consistency and reproducibility needed for 
mass production. In the range 730 nm to 1000 nm, GW output powers higher 
than 7 W from a 100 pm aperture have been achieved using different material 
combinations [13,14,15,16,17]. 

Gurrently, the only other material system used for high-power diode lasers 
is the InP-based one. Here, output powers around 5 W GW from a 100 pm 
apertures have been achieved for emission around 1500 nm [18]. Very recently, 
high GW powers have been reported at longer wavelengths with 11 W GW at 
1870 nm from a Icm-wide bar [19] and 218 W quasi-GW operation [20] from 
2D arrays of devices at 1830 nm being demonstrated. If a certain application 
requires a specific wavelength in the range 1300 nm to 1900 nm, InP-based 
laser structures have to be used. Additionally, eye safety is brought forward as 
an argument for wavelengths above 1400 nm. However, at the extreme power 
densities encountered in the use of high-power diode lasers the perception 
of wavelengths above 1400 nm being less harmful to the eye than shorter 
wavelengths appears questionable. 

GaN is also a potential candidate for high-power applications. The ma- 
terial quality of GaN grown on non-lattice-matched SiG or sapphire sub- 
strates is relatively poor with dislocation densities above 10®cm“^. Surpris- 
ingly enough, this crystal quality allows for the production of high-brightness 
LEDs [11]. However, laser diodes require lower dislocation densities which can 
be achieved by pseudo-substrates grown via Epitaxial Lateral OverGrowth 
(ELOG). In this technique, growth starts from seed areas and proceeds over 
masked areas where the growing film is not bonded to the substrate. With 
this approach laser diodes with 420 mW GW output power have been demon- 
strated [21]. It will be interesting to follow the future developments in this 
field. At the present stage, however, GaN-based laser technology is not ma- 
ture enough for production of high-power diode lasers. 

Since only GaAs-based high-power diode lasers are currently in large-scale 
production, the rest of this contribution is focused on this material system. 
Additionally, issues in the epitaxy of InP-based devices are discussed where 
appropriate. This review lays stress on epitaxial growth methods and their 
application to high-power diode lasers. 



1 Growth Methods 

Most high-power diode lasers are based on QW structures where layer thick- 
nesses of just a few nm in the active region and the desired compositions 
have to be accurately controlled with good homogeneity over a 2 in (in future 
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possibly Sin) wafer. At the same time the waveguide and cladding layers, 
making the bulk of the 3-5 pm thick structure have to be grown at a reason- 
able growth rate to make the process economically feasible. All this has to be 
achieved maintaining high crystalline quality with minimal defects and with 
a tight control of the doping profile. While a variety of epitaxial growth tech- 
niques, described in the following section, have been used to fabricate III-V 
diode lasers, we focus primarily on the techniques Molecular-Beam Epitaxy 
(MBE) and Metalorganic Vapor-Phase Epitaxy (MOVPE) that are used in 
the production of high-power diode lasers. 

Historically, Liquid-Phase Epitaxy (LPE) was the first technique used to 
grow diode lasers [22] . In LPE, layer growth proceeds by precipitation of the 
semiconductor material from the melt or from a solution onto a substrate. 
A well-established process with machines capable of growing on several tens 
of substrates at high rates make this method cheap and LPE is still widely 
used for the mass-production of LEDs. However, while LEDs are usually 
based on thick layers, diode lasers require thin QW structures with well- 
controlled, homogeneous compositions and thicknesses, a requirement LPE 
is not capable of fulfilling, primarily due to melt-back effects while switching 
between different compositions at the high growth rates used. Consequently, 
this method no longer plays a role in the growth of the active region of diode 
lasers. 

Similarly, Chloride- (CIVPE) and Hydride- Vapor-Phase Epitaxy (HVPE) 
have been used for the growth of DH (Double Heterostructure) lasers [23] . In 
this method group-HI metals are supplied via reaction of a melt with chlo- 
rine in the source area with the reverse reaction occurring on the substrate. 
In the case of CIVPE, trichloride group-V sources (AsCla, PCI 3 ) are passed 
over the metal melt generating the chlorine necessary for transport and si- 
multaneously providing the group-V species. In HVPE, arsine and phosphine 
act as group-V sources and HCl is independently injected to transport the 
metal. Etching reactions are significant in these techniques, and the particu- 
larly corrosive nature of AICI 3 (which etches quartz) makes AlGaAs growth 
virtually impossible. The metal-transport mechanism makes rapid switching 
from one composition to another and thus the growth of thin layers difficult. 
This is why VPE is also no longer used in diode-laser production. 

The two predominant techniques used for the growth of high-power diode 
lasers are MBE and its variant Gas-Source MBE (GSMBE) and MOVPE, also 
termed Metalorganic Chemical Vapor Deposition (MOCVD). Both methods 
are used in the commercial production of HI-V devices on a multiwafer scale. 

1.1 Molecular-Beam Epitaxy and Its Variants 

In Molecular-Beam Epitaxy (MBE) directed thermal beams of atoms or 
molecules that are evaporated from heated effusion-cells react on the clean 
surface of a substrate held at high temperature under Ultra-High Vacuum 
(UHV) conditions to form an epitaxial film. The effusion-cell temperature 
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controls the beam flux, and mechanical shutters in front of the cells permit 
rapid switching of beam species and thus abrupt changes in layer composi- 
tion and doping. A schematic of this process is shown in Fig. 2. A complete 
treatment of the MBE process can be found in texts on the subject [24,25]. 
To form molecular beams the mean free path between gas-phase collisions 
has to be greater than the effusion-cell to substrate distance, requiring the 
process to be carried out under UHV conditions. The stainless steel growth 
chamber is equipped with ion pumps, cryopumps and titanium sublimation 
pumps yielding base pressures below 10“^° torr. In addition, liquid-nitrogen- 
fllled cryoshrouds surround the effusion-cells and the substrate. Thus the 
substrate sees only cold walls onto which most impurities and re-evaporated 
layer constituents condense. 



Substrate on 




Source and dopant effusion cells 
(Ga, Al, In, Si.Be, ...) 



Fig. 2. Schematic representation of a typical Molecular-Beam Epitaxy (MBE) 
system 

Loading and unloading the growth chamber proceeds via UHV buffer 
chambers and load-lock systems that minimize the introduction of impurities 
like oxygen and water. Such oxidizing agents are particularly incompatible 
with the hot metal filaments and the melt in the effusion-cells. If the vacuum 
in the growth chamber has to be broken for maintenance, extensive bake-out 
procedures are necessary to re-establish high purity of the growth system and 
the grown layers, especially those containing aluminum. 

MBE started as a research tool to study crystal growth. The UHV envi- 
ronment makes it ideally suited for combination with analytical techniques 
like electron diffraction RHEED (Reflection High-Energy Electron Diffrac- 
tion), LEED (Low-Energy Electron Diffraction) or mass spectrometry. Opti- 
cal techniques like reffectometry have also been successfully adapted to MBE 
machines. However, these research tools are not usually found on production 
machines geared for high throughput and high up-time. Driven by microelec- 
tronic applications, e.g. growth of AlGaAs/InGaAs/GaAs PHEMTs (Pseu- 
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domorphic High Electron Mobility Transistors), machines capable of growth 
on multiple 4 in wafers with good homogeneity over a single wafer and also 
from wafer to wafer are available. The next generation of MBE machines ca- 
pable of handling multiple 6 in wafers is expected to be in operation in 1999. 
This allows for a wafer output of several 10.000 4 in wafers per year just 
from the merchant epi vendors, not including the capacity installed and used 
for captive production. Thus, MBE is prepared for the very strong demand 
foreseen for high-power diode lasers. 

The majority of basic growth studies as well as production applications 
in MBE are in the AlGaAs material system. AlGaAs diode lasers for GD 
players with emission at 780 nm are grown by MBE in large quantities. Re- 
liable 980 nm high-power single-mode diode lasers for pumping of Er-doped 
fiber amplifiers are also commercially grown by MBE [26]. Based on the 
longstanding experience in this material system, growth recipes for different 
applications (e.g. diode lasers require different growth conditions than tran- 
sistor structures) have been derived. High-purity material with controlled p- 
and n-doping can easily be achieved. Homogeneity has improved over the 
years due to improvements in system geometry and temperature uniformity 
on the substrate holders and has now reached a very high level. Transfers 
between the growth chamber and the UHV buffer chamber can be performed 
at elevated temperatures leading to reduced cycle times. For extended up- 
time at high throughput, large-capacity effusion-cells have been developed. 
Technical improvements in cell design have resulted in improved beam-flux 
stability. As the flux from an effusion-cell depends on the level of the melt 
within it, MBE users have developed strategies to correct for such depletion 
effects by varying the temperature set-point of the cell depending on its filling 
level. 

In MBE the growth of layers containing phosphorus is more difficult than 
that of arsenide layers. Elemental arsenic primarily evaporates as As4 with a 
small fraction of As2 yielding a stable beam pressure at a given effusion-cell 
temperature. In contrast to this, depending on the temperature and pressure, 
phosphorus exists in many allotropes, each having a different vapor pressure. 
This results in an ill-defined beam composition and unstable beam fluxes. 
Since P4 has a negligible sticking coefficient on the surface, only the dimer 
P2 contributes to the growth and the effective P flux to the surface is very 
difficult to control using conventional effusion-cells. This makes the controlled 
growth of mixed group-V compounds like GalnAsP more or less impossible. 
Additionally, the high vapor pressure of P makes it difficult to outgas the 
source material by heating in the vacuum chamber. A group-V source thus 
containing trace amounts of residual water can seriously compromise system 
purity. 

To overcome these difficulties the group-V sources are introduced as their 
gaseous hydrides, arsine and phosphine, in a modification of the MBE tech- 
nology called Gas-Source MBE (GSMBE) [27]. Beam-flux control for the 
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group-V species is achieved by controlling the gas flux into the growth cham- 
ber. The stability of AsHs and PH 3 makes pre-cracking upon introduction 
into the growth chamber necessary, which is done in a cracker cell at el- 
evated temperatures. Since the cracker temperature has no impact on the 
beam flux it can be independently optimized to enhance the generation of 
the dimer species As 2 and P 2 over that of the tetramers. This process can be 
supported by catalysts like tungsten or tantalum. The hydrogen background 
produced by hydride cracking has to be removed from the growth chamber 
by means of turbomolecular pumps and/or cryopumps. GSMBE has suc- 
cessfully been used for the growth of GalnAsP / GaAs high-power diode-laser 
structures [28,29]. 

The use of high-pressure hydride sources is not common in an MBE lab- 
oratory where typically solid sources are handled; the additional safety pre- 
cautions to handle the toxic hydrides and the exhaust gases are expensive 
and require experienced personnel. This has prompted the development of 
sources using solid phosphorus. Such sources have become available with the 
invention of valved cracker cells, where evaporation, flux control and con- 
trol of the species leaving the cell (i.e. dimers) are done in separate areas. 
The phosphorus is kept in a heated furnace to provide the necessary vapor 
pressure and introduced into the chamber via a valve that is heated to avoid 
condensation. Behind the valve a cracker cell like that used in GSMBE is 
located. With this type of cell a reproducible supply of P appears possible. 
The source material can be outgassed by heating the crucible while keeping 
the valve closed, improving system purity. Additionally, source materials can 
be loaded without breaking the growth-chamber vacuum. Since the group-V 
elements are always required in larger amounts than the metals Al, Ga and 
In this remote loading option reduces system down-time. Gonsequently, this 
approach has also been applied to As sources and is now frequently used 
for AlGaAs growth. GalnAsP/GaAs diode lasers grown by solid-source MBE 
yield results comparable to those obtained using GSMBE [30]. 

For reasons of completeness a further variant of MBE, Metalorganic MBE 
(MOMBE) [31], also named Ghemical Beam Epitaxy (GBE) is mentioned. 
Here the supply of the group-V materials is as in GSMBE. Additionally, the 
group-III compounds are supplied as metalorganic compounds from external 
sources and introduced into the chamber via a gas injector. MOMBE can 
thus be considered as MOVPE in the absence of gas-phase reactions. It offers 
advantages in selective growth and also in the fabrication of buried struc- 
tures. The complicated surface chemistry involved in the breakdown of the 
metalorganic molecules requires a tight control especially of the substrate 
temperature. While a variety of device structures have been demonstrated, 
MOMBE has still not found the way from research laboratories into large- 
scale production. 
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1.2 Metalorganic Vapor-Phase Epitaxy 

In MOVPE [32,33,34,35] metalorganic (MO) precursors, usually the 
trimethyl compounds of Al, Ga and In like Ga(CH 3)3 (TMGa, also named 
TMG) react with sources of As and P, usually the hydrides ASH 3 and PH 3 , 
on the heated substrate to form the epitaxial layer. A schematic depiction of 
this process is shown in Fig. 3a. The reaction is carried out in a gas flow with 
hydrogen being the usual carrier gas at atmospheric or reduced pressures. 
Parts of the overall reaction already take place in the gas phase. The final 
steps, i.e. release of the constituent elements and incorporation into the lat- 
tice, happen on the semiconductor surface. The local growth rate and layer 
composition are determined by the local temperature and the supply of the 
starting materials from the gas phase. To reduce unwanted pre-reactions and 
avoid turbulent flow, reduced pressures are used with 100 hPa being a typical 
value. The higher flow velocity at reduced pressure and constant total flow 
lead to enhanced homogeneity of material supply. This also reduces the time 



MOVPE Reactor 




Carrier 

gas 



Hydride sources 




Group III p-dopant 



Metalorganic sources 



Fig. 3. Top: schematic depiction of reactions taking place during MOVPE; bottom: 
schematic layout of a typical MOVPE system 
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necessary for an exchange of the gas phase in the reactor, enabling abrupt 
switching between epilayers of different compositions. 

A typical MOVPE growth system (Fig. 3b) consists of three main parts - 
a gas-mixing system, the reactor, and the pump and exhaust handling sys- 
tem. Despite differences in detail the general layout of the gas-mixing sys- 
tem is very similar for most MOVPE systems. In the gas-supply part the 
MO precursors are kept in stainless steel cylinders at a precisely controlled 
temperature and at a fixed pressure. Flowing hydrogen through the liquid 
TMG(a), TEG(a), TMA(l), DMZn or solid TMI(n) precursors in the bottle 
results in a controlled transport of the saturated vapor into the reactor. The 
fluxes of hydrogen and the other gaseous species like AsHa, PH 3 or SiH 4 for 
n-doping are metered by mass-flow controllers. These devices measure the 
thermal conductivity of the flowing gas. The pressure is controlled by capaci- 
tance or piezoelectric pressure transducers. Additional purge flows introduced 
downstream of the dosing devices increase the flow velocity of the reactants 
and thus reduce transient effects that can occur when fluxes are changed [36]. 
The reactants are switched into the reactor or into a bypass directly into the 
exhaust by switching manifolds [37]. These valves are constructed for rapid 
switching operation and minimized dead volumes that could lead to memory 
effects. 

For the reactor design a variety of different concepts are being used. A 
common design found in research and also in low-volume production systems 
is the horizontal linear reactor [38] where the gas stream enters on one side, 
is passed over the lying, or in some cases under the hanging [39] substrate 
and leaves the reactor on the other side. This type of reactor is used for 
single- wafer operation up to 4 in with machines for one 2 in wafer being the 
most-common ones. For the production of high-power diode-laser structures 
by MOVPE currently reactors of horizontal type are mostly employed. 

The vertical-reactor type with a lying substrate that was used in the 
fabrication of the first MOVPE-grown AlGaAs diode lasers [40] is still used 
in some laboratories. Barrel reactors capable of multiwafer operation [41] are 
in use at several companies especially for the fabrication of AlGaAs solar cells. 
In this vertical-reactor type the substrates are not lying but stand against 
the substrate holder. 

A common feature of all the above reactor types is that the temperature 
of only the susceptor (heated either by infrared lamps or inductively) is con- 
trolled. The temperature of the reactor walls is not controlled but results 
from radiative heating from the susceptor and heat removal by the flowing 
carrier gas, heat conduction or heat radiation into the environment. 

In the close-spaced or showerhead reactor [42] gases are introduced 
through an actively cooled injector distributing the flow over the substrate 
placed close to this injector. In this reactor the substrate is heated by a 
resistive heating element within the reaction chamber. The Turbodisc"'"^ re- 
actor [43] is of similar design. The gases are supplied through separate inlets 
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for the group-III and group-V materials in the cooled reactor top with a mesh 
acting as flow distributor. The substrates are placed at a much larger distance 
than in the close-spaced reactor and a homogeneous distribution of the reac- 
tants is achieved by a very fast (1000 rpm) rotation of the substrate holder 
that also suppresses convection. This reactor has also been up-scaled for mul- 
tiwafer operation up to 38 x 2 in wafers per run, a capacity that currently is 
primarily needed for solar-cell and LED applications. 

Another reactor concept is the Planetary'^^ type [44] . In this reactor the 
source materials are injected in the center of the radial symmetric reactor and 
flow towards its periphery. The substrates are placed at some distance from 
the inlet. To compensate for the radial expansion of the gas and the source 
consumption, the wafers are individually rotated. Also the main substrate 
holder rotates to average out any deviation from radial symmetry leading to 
a planetary motion of the substrates. The quartz reactor top located around 
20 mm above the substrates is actively temperature-controlled by a cooling- 
gas mixture. This reactor is available in different diameters with capacities 
from 5 X 3 in over 5 x 6 in up to 95 x 2 in and is widely used for the production 
of LED and solar-cell structures. 

For each of these geometries optimization of the flow pattern and the 
temperature field in the reactor is necessary. Since different processes often 
need different optimum growth temperatures, no standard set of growth pa- 
rameters is available. Instead, for each application the crystal grower has to 
find specific optimum conditions with respect to material quality and homo- 
geneity. The latter criterion is usually neglected in research but is crucial for 
a successful transfer into production. In the optimization of reactor geometry 
and increasingly also of the growth parameters, numerical modeling [45,46] 
has been applied to supplement the usual empirical approach. This has re- 
sulted in excellent homogeneity in composition and also emission wavelength 
over a wafer and also from wafer to wafer. 

Using different reactor types MOVPE has successfully been applied for 
the fabrication of AlGaAs/GaAs, GalnAsP/GaAs and AlGaInP/GaAs-based 
high-power diode lasers and currently is the method of choice for InP-based 
lasers. 

Diode-laser structures are grown by low-pressure MOVPE. Downstream, 
after the reactor, a pumping system follows that consists of a rotary pump, 
a throttle valve for pressure control and traps for particles or condensable 
materials. After leaving the pump the effluent gas is treated in wet or dry 
chemical scrubbers or passed through a burner to remove the toxic materials 
in a quantitative manner. Treatment of the exhaust gases is especially trou- 
blesome when large amounts of phosphorus-containing materials have to be 
grown. The self-igniting nature of P is a hazard that has to be controlled. 
The huge demand for AlGaInP-based LEDs has led to various approaches 
to tackle phosphorus deposition in the exhaust system. Gold traps can be 
used to facilitate P condensation but bear the risk of clogging. Intentional 
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oxidation after every few runs has also been tried to prevent accumulation of 
large amounts of phosphorus. 

1.3 Comparison of MBE and MOVPE 

When comparing different growth methods one is often confronted with the 
question as to which is the better one. If there was a simple answer to that 
question a comparison would probably no longer be necessary because the 
better method would be chosen and the inferior one abandoned! 

Taking device performance as the criterion both MBE and MOVPE of- 
fer, to the best of our knowledge, equal performance. The AlGaAs-material 
system has been the mainstay of MBE and the accumulated knowledge of 
many years of experience is available. High-purity material is standard for 
many years due to the availability of extremely pure elemental sources and 
minimized contamination of the growth chamber. MOVPE of AlGaAs has 
long been plagued by an insufficient purity of the starting materials [47,48]. 
With the improvement in precursor quality and leak tightness of the growth 
systems, material of high quality can be grown. Threshold-current densities, 
internal losses and efficiency yield similar values for similar device struc- 
tures grown by both MBE and MOVPE [26,49]. On the other hand the 
P-containing materials have long been the realm of MOVPE while MBE 
results were less encouraging. With the availability of P sources for MBE 
either as PH3 cracker cells or as valved phosphorus cracker cells this gap 
has been closed and laser performance similar to that in MOVPE has been 
demonstrated by MBE [29,30]. An important point in device performance, 
reliability, is very difficult to assess from the literature. Device reliability can 
be affected by the presence of native defects like vacancies or interstitials [50] . 
The concentration of such point defects may depend on the growth param- 
eters, which are different for the two methods. Gurrently, no indication can 
however be found that one method is superior to the other in this respect. 

When looking at productivity, yield from one wafer and wafer through- 
put both have to be considered. The yield from one wafer is determined by 
the area that results in devices within the specifications, especially for the 
emission wavelength. Here also both methods can perform equally well. In 
MBE homogeneity is a matter of system design. The user has little chance to 
alter the geometry or change the temperature profile of the substrate holder. 
Together with an optimized growth system the user thus buys homogeneity. 
Of course, in MOVPE too the system has to be designed to allow for ho- 
mogeneous growth. However, depending on the application, the user has to 
optimize the growth parameters in order to achieve the desired homogeneity. 
After having solved this task both systems again yield very similar levels 
of homogeneity. Extended defects can severely reduce yield, especially when 
producing laser bars with their large area of around 1 mm by 10 mm. With re- 
spect to particles both systems again show similar performance with particle 
densities of some 10 percm“^. 
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Wafer throughput is affected by capacity per run, cycle time and system 
up-time. Although driven by different applications both MBE and MOVPE 
now offer capacities per run that are sufficient for the current demand for 
high-power diode lasers. The use of vacuum-transfer chambers and load-locks 
in MBE reduces the time required for loading of the substrates. This feature is 
usually not common in commercial MOVPE systems but equipment makers 
are working on and in some cases already implementing solutions for reduced 
loading times. On the other hand MOVPE allows for higher growth rates, 
above 2 pm/h, leading to a shorter growth time in comparison to MBE where 
rates are typically 1 pm/h. MOVPE systems require cleaning of quartz parts 
and of the exhaust system on a frequent basis. Often the parts can simply 
be exchanged causing no additional down-time. If the gas-supply system is 
opened to air, extensive purging and leak testing can cause down-time of 
one or two days. The exchange of a bubbler of metalorganic source material 
takes the same amount of time but is only necessary at large time intervals. 
If no component fails the up-time of an MBE system is governed by the 
replenishment of the sources. In modern systems this can also be done without 
breaking the vacuum for the group-V sources. In the case of an empty effusion 
cell for the metals or a problem within the UHV chamber bake-out procedures 
over a week or even longer are necessary. According the throughput criterion, 
no clear preference can thus be given. 

The prices of multiwafer growth machines are similar for MBE and 
MOVPE. While MOVPE requires substantial investment in gas cabinets for 
the hydrides and the safety equipment associated with their use, MBE needs 
a supply system for liquid nitrogen. The necessary investment thus more de- 
pends on the situation in a given facility than on the choice of the growth 
method. 

The decision for a growth method currently is and probably will continue 
to be driven by the experience at hand. If for example high-power diode lasers 
are to be grown in an environment where LEDs, especially AlGalnP ultra- 
high-brightness LEDs, are fabricated, MOVPE will be the system of choice 
since MBE is not competitive in LED growth due to its lower growth rates. 
If ample expertise in MBE is available in a laboratory or production site 
this method will be the first option. Only very specific applications result in 
demands that one method cannot fulfill. One example is selective-area growth 
which is used for the production of diode lasers for wavelength multiplexing 
where different emission wavelengths are required from one growth run [-51]. 
Since selective growth in MBE is not possible at usual growth conditions 
MOVPE has to be used for this application. 

In the field of electronic devices based on epitaxial layers, e.g. High Elec- 
tron Mobility Transistors (HEMTs) or Heteroj unction Bipolar Transistors 
(HBTs), a growing trend to second-sourcing or even complete outsourcing of 
the layer production to specialized merchant epitaxial growth companies can 
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be seen. It is likely that a similar trend will appear in the epitaxy of diode 
lasers once the production volume starts to increase. 



2 Materials for High-Power Diode Lasers 

High-power diode lasers (> 1 W optical output power) are almost exclu- 
sively based on material systems grown on a GaAs substrate with layer 
structures using a variety of binary, ternary and quaternary materials of 
the (AlGaIn)(AsP) III-V compound semiconductor family. Material prop- 
erties of AlGaAs and GalnAsP are available in the literature [52,53]. The 
thick waveguiding and cladding layers have to be grown lattice-matched to 
the substrate to avoid formation of misfit dislocations that are often sources 
of very rapid degradation of diode-laser performance. In addition, the crys- 
talline quality of the layers can be adversely affected by ordering as in the 
case of GalnP or by phase separation as observed for certain compositions of 
quaternary GalnAsP. Further, the concentration of point defects which act 
as centers for nonradiative recombination and thus losses in efficiency have to 
be kept low. These requirements call for optimal growth conditions for each 
material. 

Unfortunately, the optimum conditions for the different materials within 
a heterostructure may be different. This may require compromises to avoid 
long growth interruption for the adjustment of the growth parameters when 
switching from one composition to the other. Depending on the materials to 
be combined, optimization of the switching sequence can be a challenge to 
the skills of the crystal grower. 

The substrates used for devices have a (lOO)-oriented surface. Misorien- 
tation from the exact (100) orientation by some degrees leads to a larger 
step density with the step structure being dependent on the miscut direc- 
tion. Since the attachment of the atoms to step edges is a very important 
step in the growth process, step orientation and density can have a strong 
impact on the crystalline properties of the grown layers. In case of GaIn(As)P 
ordering which may affect the band gap is dependent on the miscut direc- 
tion [54,55]. Although less obvious, depending on the growth conditions the 
surface morphology of AlGaAs can be significantly different for different sub- 
strate orientations. 



2.1 GaAs and AlGaAs 

(Al)GaAs is the most intensively investigated and also most widely used com- 
pound semiconductor-material system. The primary reason is the small lat- 
tice mismatch A aja of only 1.3 x 10“^ between AlAs and GaAs. This makes 
the fabrication of heterostructures easy since the requirements on composition 
control are not very tight. While electronic devices usually require only thin 
ALGai-xAs layers of low Al content (x < 0.3) where the lattice mismatch 
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can be easily accommodated elastically, the notion of AlGaAs being lattice- 
matched to GaAs is clearly not true for diode lasers having thick cladding 
and waveguiding layers with a high A1 content. According to the theory of 
Matthews and Blakeslee [56] the critical-layer thickness beyond which forma- 
tion of misfit dislocations is expected for Alo.sGao.sAs is only 500 nm and 
for AlAs only 220 nm. This fact has to be kept in mind, although AlGaAs 
turns out to be more immune against relaxation of strain than theoretically 
predicted. Another reason for the dominance of AlGaAs is the fact that As 
is much easier to handle than P, which has a much higher vapor pressure and 
occurs in different modifications some of which can spontaneously self-ignite. 

2.1.1 Purity 

With the available precursor materials, GaAs of very high purity can be grown 
by MBE as well as by MOVPE. Background doping levels below 10^^ cm“^ 
and very sharp and well-resolved excitonic transitions in photoluminescence 
are reported for both methods. 

If A1 is added this situation changes and impurity incorporation increases 
with increasing A1 content due to the high reactivity of this element. The 
reaction rate for oxide formation from the metal and water vapor is several 
orders of magnitude higher for A1 than for Ga and In. In MBE residual gases 
like water and GO are sources for oxygen incorporation. Maintaining a clean 
growth system and avoiding any introduction of such contaminants is thus 
a precondition for clean layers. In MOVPE too a leak-tight growth system 
is a must. In addition to leaks, starting materials can be sources for oxygen 
contamination. From the hydrogen carrier gas such contamination is removed 
by diffusion through a Pd membrane. The purity of arsine has significantly 
improved over the past few years. Additionally, point-of-use filtering or pu- 
rification is usually employed. The most significant sources for oxygen are 
the metalorganic group-III precursors. Any contact to air or residual mois- 
ture can lead to the formation of alkoxides which have oxygen between the 
metal and the organic ligand. Over a couple of years a number of alternative 
precursors has been studied to reduce the risk of O incorporation [35] . How- 
ever, in device production a conservative approach prevails using the standard 
trimethyl and for Ga also triethyl compounds at the highest available purity. 

The tendency for oxide formation decreases with increasing temperature 
and also with increasing V/III ratio [57]. Gonsequently high growth temper- 
atures are favored for reduced oxygen uptake. AlGaAs for laser structures 
is grown hot, i.e. at temperatures around 750° G both in MBE as well as in 
MOVPE. 

Garbon is the other impurity usually found in AlGaAs where it acts as 
an acceptor. Like the metal-oxygen bond the metal-carbon bond strength 
increases in the order In, Ga and A1 [32]. In MOVPE such bonds are already 
present in the starting materials and have to be broken to release the metal 
in the growth process. For the Ga precursors this is easily achieved and 
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background doping levels below are obtained. In the presence of 

Al this level increases [58]. Pyrolysis of TMAl in the absence of hydrogen or 
arsine even yields aluminum carbide. In the presence of arsine as a reducing 
agent and at the temperatures employed for the growth of laser structures 
carbon incorporation in AlGaAs is reduced to levels in the range around 
10^® cm“®. This purity is sufficient to allow for controlled doping at the levels 
employed for diode lasers (i.e. above several 10^^cm“®). 

The AlGaAs, material quality obtained in both growth methods allows for 
the growth of diode-laser structures with excellent device performance even 
with high Al-containing waveguide and cladding layers. Addition of Al into 
the active region causes a degradation of the device performance due to the 
introduction of centers for nonradiative recombination [59,60] . In limiting the 
wavelength range accessible with AlGa(In)As-active regions, this constraint 
is more severe than the fact that AlGaAs is an indirect semiconductor for an 
Al content above x = 0.43. 

2.2 GalnP and AlGalnP 

(Al)GalnP lattice-matched to GaAs is less well established than AlGaAs. 
Lattice matching is obtained at a; = 0.52 for Gaa;Ini_a;P and at a; = 0.51 
for Al 2 ;Ini_ 2 ;P. Ordering on the group-III sublattice [61] that can occur on 
(lll)B planes makes these materials interesting from a material-science point 
of view and challenging with respect to device manufacturing. GalnP has 
been mainly used as active-region material in red LEDs and diode lasers 
with emission in the visible wavelength range 700 nm to 630 nm that is not 
accessible with AlGaAs structures. More recently it has also found interest as 
a direct competitor to AlGaAs in waveguiding or cladding layers for longer- 
wavelength devices [62]. GalnP has a lower surface recombination velocity 
and a much lower tendency for oxidation than AlGaAs, and thus promises 
a higher stability of the laser facets against Gatastrophic Optical Mirror 
Damage (GOMD) [62]. Additionally, regrowth processes are easier in the 
absence of Al on the surface on which the overgrowth is initiated, making 
GalnP advantageous for structures requiring two-step epitaxy [63]. GalnP is 
mostly grown by MOVPE though MBE and GSMBE have found increasing 
interest over the last few years [30]. 

2.2.1 Purity 

GalnP grown by MOVPE usually has an n-type background due to intrinsic 
defects in the range of 10^®cm“® over a wide range of growth temperatures. 
This is sufficient for laser applications. As in the case of AlGaAs, the ad- 
dition of Al leads to enhanced oxygen incorporation and consequently un- 
doped AllnP tends to be semi-insulating. Increasing the growth temperature 
is again effective in suppressing oxygen incorporation. However, due to In 
re-evaporation very high temperatures are not ideal for In-containing alloys. 
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thus making the optimal temperature window for AlGalnP quite narrow [64] . 
High temperatures are also chosen for other reasons discussed in the section 
on ordering. 

Oxygen incorporation is also influenced by the phosphorus overpressure 
during growth, with high V /III ratios minimizing oxygen incorporation [64] . 
However, the use of high PH 3 flows leads to heavy loading of excess phos- 
phorus in the reactor exhaust and associated disposal problems. 

Carbon in (Al)GalnP is amphoteric. Under usual growth conditions there 
seems to be some preference for incorporation as a donor. However, not much 
has been published on the role of C in AlGaInP. It is likely that it is also 
partly responsible for the semi-insulating nature of undoped AllnP but proof 
for this assumption is still lacking. 

2.2.2 Ordering 

Due to the different covalent radii of Ga and In there is a driving force for 
an arrangement of these atoms that deviates from a random distribution on 
the group-HI lattice. This arrangement known as CuPt ordering leads to al- 
ternating preferential occupation of (lll)B planes by Ga and In (Fig. 4). In 
the extreme case, never observed up to now, a natural superlattice of alter- 
nating InP and GaP planes would be formed in this crystal direction. This 
superlattice leads to a reduction of the symmetry and hence to a reduction 
of the band gap energy of this alloy. Thus no strict correlation of band gap 
and composition exists. Since band gap, band-offsets and also refractive in- 
dex depend on the degree of ordering, an understanding of this property is 
important for the design of diode lasers. 

Ordering appears to be a process taking place on the surface of the growing 
layer by preferential incorporation of Ga and In at certain sites that mini- 




Fig. 4. TEM picture of GalnP layer: the lower part grown at 720° C is disordered, 
the upper part grown at 650° C shows ordering on (111) planes 



100 



Markus Weyers et al. 




Fig. 5. Schematic depiction of GalnP 
band gap in dependence on MOVPE 
growth parameters: disordered mate- 
rial has a band gap of 1.91 eV, strongly 
ordered material has a band gap of 
1.82 eV at 300 K 



mize the local strain energy. This process strongly depends on the growth 
conditions. Figure 5 sketches the general trends observed for the band gap 
of MOVPE-grown material when growth temperature and V/III ratio are 
varied. The growth rate also plays a role since it determines the time avail- 
able for an atom to find a certain site. High rates and high V/III ratios 
favor growth of ordered material. Layers grown at intermediate temperatures 
around 650° C are ordered, while at high and low temperatures the ordering 
is reduced. 

Ordering also depends on substrate misorientation and is promoted if 
steps in the direction of the ordering super lattice are present [54]. On an 
exact (100) substrate these steps are present as upward and downward B 
steps. Due to the locally varying residual misorientation of such an exact 
surface both ordering variants can occur. If the substrate is misoriented to 
(lll)B one variant is favored. A strong miscut towards (lll)A (> 5°) helps 
to suppress ordering. 

Ordering is not a homogenous process. In ordered material domains with 
different degrees of ordering coexist with a size distribution that depends on 
the growth conditions and substrate misorientation [65]. The boundaries of 
these domains break the translational crystal symmetry and give rise to spe- 
cial features in the photoluminescence of ordered material. Locally indirect 
transitions over domain boundaries result in excitation-dependent moving 
emission, while band gap fluctuations lead to broadened PL peaks. The or- 
dered domains have different surface structures similar to different growth 
facets. This facetting leads to the observed trend that ordered material has 
a higher microscopic surface roughness than disordered material grown un- 
der proper conditions. This surface roughness can have an impact on the 
quality of subsequently grown layers and on the abruptness of interfaces. 
Structural imperfections brought about by ordering are potential sources for 
device degradation and have to be considered when trying to optimize device 
performance. 

For the quaternary AlGalnP a study of the effect of ordering on the 
band gap is difficult since knowledge of the lattice constant alone is not 
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sufficient to determine the composition. Thus there is less data available on 
the dependence of ordering on growth conditions. Nevertheless Transmission 
Electron Microscopy (TEM) studies [66,67] suggest that the general trends 
observed for GalnP also hold for AlGaInP. Depending on the composition, 
ordering extends to higher growth temperatures. To reduce the effects of 
both ordering and also the tendency for O incorporation, laser structures 
incorporating AlGalnP are also grown at high temperatures of around 750° G 
similar to the case of AlGaAs. 

2.3 GalnAsP on GaAs 

The quaternary GalnAsP lattice-matched to GaAs is of interest for active 
regions for emission around 800 nm and also for waveguiding layers at longer 
wavelengths. Thermodynamic calculations predict a miscibility gap in this 
material system [32,68]. Additionally, ordering effects like in GalnP are ob- 
served [69] . With respect to material purity it behaves like GalnP, with n-type 
background doping levels between 10^^cm“^ and 10^®cm“^ being obtained 
depending on growth conditions and composition. Again this level of purity 
is sufficient for laser applications. 

2.3.1 Ordering 

For compositions close to GalnP the quaternary Gaa,Ini_ 2 ;AsyPi_y shows a 
very similar ordering behavior. For an As content y = 0.1, a composition 
found for example in the waveguide layer of an 800 nm-emitting Al-free diode 
laser, ordering has been observed in two variants on exact (100) substrates 
and in only one variant on substrates misoriented to (lll)B [69]. For higher 
As content, ordering is also observed but not intensively studied. It appears 
that the degree of ordering is lower and the growth-parameter window in 
which ordering occurs smaller as the composition moves away from GalnP. 

2.3.2 Phase Separation 

The miscibility gap theoretically predicted [32,68] for GalnAsP shows up as 
an inferior material quality [70] for compositions with an As content between 
y = 0.2 and y = 0.5. Broadening of luminescence spectra and X-ray rocking 
curves in this compositional range indicate a deterioration in crystalline qual- 
ity. This broadening is asymmetric. TEM studies reveal that platelets form in 
the growth direction due to columnar growth. These platelets are elongated 
along the steps on the growing surface. Neighboring domains are slightly 
mismatched against each other. If one assumes that all the strain is due to 
a different group-III composition the In content differs by Ax = 0.02 [71]. 
Although no detailed study is available as yet it is very likely that such in- 
homogeneous material could adversely affect device reliability. It has also 
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been observed that the quality of GalnAs degrades when deposited onto a 
decomposed quaternary layer [72,73]. Although GalnAs itself does not show 
such behavior, phase separation from an underlying layer can apparently be 
inherited and lead to composition modulation in GalnAs QWs. 

2.4 InP, GalnAs(P) and AlGalnAs 

InP-based diode lasers currently play only a small role for high-power appli- 
cations. However, since this material system is important for long- wavelength 
applications and high-power diode lasers are being investigated in some lab- 
oratories, InP-based materials are briefly discussed. P-containing layers are 
mostly grown by MOVPE. MBE is primarily used for Gain As/ Alin As het- 
erostructures that do not require the use of a P source. 

2.4.1 Purity 

In MOVPE, InP can be grown with high purity and background-doping levels 
in the range of 10 ^^ cm“^ using either the hydride phosphine or the liquid 
source TertiaryButy 1-Phosphine (TBP, G 4 H 9 PH 2 ). The same holds true for 
GalnAs(P) although the background doping due to intrinsic defects tends to 
be higher in the ternary and quaternary. Again the addition of Al leads to 
higher impurity uptake. AlGalnAs is used in cladding and waveguide layers 
to enhance the barrier height in the conduction band and consequently reduce 
leakage current. Gompared to GaAs the typical growth temperatures for InP- 
based structures are lower due to the lower thermal stability of the substrate 
material. This leads to relatively high oxygen incorporation in AlGalnAs and 
especially AlInAs. The solid In source TMIn is suspected to be an important 
source for O contamination as it is more difficult to purify than the liquid 
TMAl or TMGa due to its large surface area. Using high-purity precursors 
epi-material of sufficiently high quality for diode-laser application can be 
grown. 

2.4.2 Ordering and Phase Separation 

In contrast to compositions lattice-matched to GaAs, quaternary GalnAsP 
lattice-matched to InP is outside the miscibility gap. However, some strain- 
compensated Multi-Quantum- Well (MQW) active regions used to achieve 
better temperature characteristics employ strained layers lying inside the 
miscibility gap. This leads to roughening of the growth front and thickness 
modulation with increasing number of quantum wells [74]. By using compo- 
sitions outside the miscibility gap this problem can be avoided without sacri- 
ficing laser performance. Similar to phase separation, that though observed, 
plays a minor role for InP-based structures, some tendency for ordering is 
reported for example for GalnAs, but this does not impede the fabrication 
of diode lasers [75]. 
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3 Doping 

The operation of a diode laser requires the presence of a p-n junction. For 
usual applications the lower cladding and sometimes also the waveguide lay- 
ers are grown n-type on an n-type substrate and the upper cladding and 
waveguide layers are doped p-type. The location of the p-n junction, the se- 
ries resistance especially in the p-type layers and the losses due to free-carrier 
absorption depend on the doping profile and the doping level. Thus a good 
control of these features is necessary. 

3.1 n-Type Doping 

The most common n-type dopant for AlGaAs is Si which is incorporated on 
a Ga (or Al) site. In MBE it is supplied by evaporation from an effusion-cell. 
In MOVPE silane or the thermally less stable disilane are used [76]. n-type 
doping up to 5 X 10^®cm“^ in GaAs can be obtained. Above this level the 
amphoteric nature of Si leads to self-compensation by incorporation on As- 
sites or as an interstitial. However, doping levels of mid 10^® cm“® are usually 
sufficient for laser applications. In Ala;Gai_a;As with x > 0.23 the presence 
of DX-centers acting as electron traps can make the determination of the 
doping level problematic. While these DX-centers have deleterious effects on 
the transport properties, for example of PHEMT devices, they are apparently 
not harmful to laser operation. 

Si is also the most widespread n-type dopant for (Al)GalnP and GalnAsP. 
The doping levels of low 10^® cm“® required for cladding layers can easily be 
achieved. In some MOVPE laboratories Se (supplied as H 2 Se) is also used, 
for which a smoothing effect on the surface has been reported [77]. The big Se 
atom floats on the growing surface and, as a surfactant, affects the diffusion 
of Ga and In and their attachment to steps. The accumulation of Se on the 
surface may bear the risk of doping transients. For special applications it 
may also be important that the group- VI atom Se can be incorporated up to 
10^®cm“® without problems with self-compensation like those discussed for 
the group-IV atom Si. 

Similarly, Si as well as the group- VI dopants Se or S are used in MOVPE 
of InP-based structures. These dopants can be incorporated electrically ac- 
tive into both InP and GalnAs up to 10^®cm“®. The group- VI dopants are 
reported to have a smoothing effect as already discussed for Se doping of 
GaInP. Due to their higher vapor pressure they are however more susceptible 
to memory effects. 

3.2 p-Type Doping 

Whilst Si is the most common n-type dopant in MBE and MOVPE for all 
III-V materials, with Se and S being additionally used in MOVPE especially 
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for the In-containing materials, a more heterogeneous picture arises for p-type 
doping. 

In MBE Be is the p-dopant of choice for all III-V materials. The con- 
tenders Zn and Mg have considerably higher vapor pressures increasing the 
risk of memory effects. In comparison to these two elements Be also has a 
smaller diffusion coefficient, making the controlled growth of doping profiles 
easier. Due to the small amounts that are used and the containment in the 
steel growth chamber the high toxicity of Be is tolerated. 

Organic Be precursors like diethyl-beryllium have also occasionally been 
used in MOVPE [78]. The higher vapor pressure in comparison to elemental 
Be in combination with its high toxicity are concerns for safety and Be dop- 
ing has not found wide acceptance in the MOVPE community. Instead, Zn 
introduced as dimethyl- or diethyl-Zn is the usual p-dopant for the GaAs- 
and InP-based compounds. However, Zn easily diffuses especially at high 
doping levels [79]. This diffusion has to be taken into account when optimiz- 
ing the growth process to obtain the desired doping profile. An additional 
problem is the re-evaporation of Zn that reduces the incorporation efficiency 
at high temperatures. The highly doped top p-type GaAs contact layer of 
GaAs-based devices for example is usually grown at reduced temperatures 
to achieve the desired doping level of 2 x 10^®cm“^. Further, this avoids 
excessive outdiffusion into the underlying cladding layer. 

P-type doping of AlGalnP in MOVPE is difficult due to a number of 
reasons. As the Al fraction and hence the band gap increases, the ioniza- 
tion energy of Zn becomes larger. Gonsequently it is more difficult to ionize 
incorporated acceptor atoms. Further, at high-Al content, more oxygen is in- 
corporated as well, leading to compensation. Additionally, the vapor pressure 
of Zn over ZnaP 2 is much higher than over Zu 3 As 2 and thus re-evaporation 
of Zn from AlGalnP is much easier than from AlGaAs. This is demonstrated 
in Fig. 6 which shows data on Zn doping into different materials in the same 
reactor. At the high growth temperatures needed for AlGalnP laser struc- 
tures the DMZn partial pressure necessary to reach the desired doping level 
may even exceed those of the group-III precursors. Zn incorporation can be 
enhanced by providing a high step density where Zn can form double bonds 
which are more stable. In addition to the effect on ordering, enhanced Zn 
incorporation is another reason for choosing substrates highly misoriented 
towards (lll)A for AlGaInP-based red diode lasers. In as-grown layers not 
all Zn atoms are necessarily electrically active as acceptors. Hydrogen re- 
maining in the lattice can form complexes neutralizing the Zn acceptors [64] . 
By annealing under nitrogen the hydrogen can be removed. This process can 
also be carried out in the MOVPE reactor by switching off the arsine soon 
after the GaAs p-type contact layer growth and cooling under nitrogen from 
near growth temperature. Despite this procedure in AllnP the highest p-type 
doping level obtained with Zn is < 5 x 10^^cm“^ at usual growth tempera- 
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DMZn / (TMIn + TMGa + TMAI) 



Fig. 6. Hole concentration versus DMZn partial pressure for different materials 
grown in the same MOVPE reactor 



ture. This level can be increased by reducing the temperature to 700° C and 
compromising on the material quality. 

The other p-dopant used in MOVPE for AlGalnP is Mg. This dopant 
is notorious for transients caused by adsorption of the precursor molecules 
in the stainless steel tubing and on the reactor walls and also for memory 
effects. It also needs post-growth activation to drive out passivating hydrogen. 
The advantage it offers is its higher incorporation efficiency. So for AlGalnP 
the choice is between two p-type dopants that both have their respective 
drawbacks. 

In section 2.1.1 carbon has been identified as a prominent residual impu- 
rity in GaAs and AlGaAs. This acceptor has a much lower diffusivity than 
Zn and can be incorporated up to very high levels onto arsenic sites. This 
can either be achieved by growing at low V /III ratios or by adding addi- 
tional sources for carbon. For GaAs intrinsic G doping to levels of 10^® cm“^ 
requires growth temperatures below 600° G and V/III ratios around 1. Lower 
doping levels are also possible at higher temperatures. Depending on the A1 
content AlGaAs can be intrinsically doped even at the usual high growth tem- 
peratures but again low V /III ratios have to be employed. In this approach 
a change in the doping level may also be accompanied by a change in the 
concentration of intrinsic defects like vacancies. To allow for a more indepen- 
dent control of doping and intrinsic defects carbon sources like GGI 4 , GBr 4 
or trimethyl- As can be added. Halogenated G precursors have been success- 
fully used for the growth of surface, emitting diode lasers (VGSELs) where 
the p-type (Al)GaAs/Al(Ga)As top Bragg mirrors require a well-controlled 
doping profile with (5-doping spikes at high doping levels [80] . While for such 
new structures new doping schemes are being applied, for edge emitters the 
more conservative approach using Zn still dominates for AlGaAs devices. In 
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some cases this approach is combined with a C-doped p+-contact layer grown 
at reduced temperatures. 



4 Heterostructures 

Diode lasers require a number of layers of different compositions to be stacked 
on top of each other as shown in Fig. 1. Doing so with (Al)GaAs is an 
easy and straightforward task. With a properly designed growth system 
nearly atomically flat interfaces between GaAs and AlGaAs can be gener- 
ated. For devices like (P)HEMTs that rely on electron transport along such 
a Ga(In) As/ AlGaAs interface roughness on the monolayer scale may be im- 
portant. For laser structures, however, where transport is across the interface 
such roughness simply leads to a grading of the potential. An abrupt interface 
would be associated with a potential spike that could give rise to additional 
series resistance. To avoid this, interfaces between (Al)GaAs layers with sig- 
nificantly different Al content usually are graded over a distance of several 
nm. In MOVPE this is achieved by simply ramping the flux of the Al or Ga 
precursor. Due to the thermal mass of the effusion-cells in MBE a quick ramp 
of the flux by a change in cell temperature is difficult to control, and a pulsed 
supply using mechanical shutters can be employed. 

In the waveguiding layers grading has little effect on the optical properties 
and helps with respect to the series resistance as already mentioned. A graded 
profile between QW and barrier changes the position of the subbands in the 
QW. Although this does not necessarily adversely affect laser performance, 
grading at this position usually is not introduced voluntarily. As will be 
discussed later it can often hardly be avoided. 

The situation is less well controllable if the group-V component changes 
at an interface like for InP/GalnAs and/or if the materials have a consid- 
erably different In-content like GaInP/(Al)GaAs. A graded interface in such 
cases is associated with strain that can have a negative impact on device 
performance. Further, parasitic QWs can be formed if, for example, a graded 
InGaAs layer forms between InGaP and GaAs. This can even result in emis- 
sion at a wavelength completely different from the intended one! 

Growth is usually performed under an excess supply of group-V species 
resulting in a surface covered with adsorbed group-V atoms or molecules, 
with the coverage depending on the growth temperature and the group-V 
supply. When switching from an arsenic-containing layer to a phosphorus- 
containing one, the excess arsenic has to be removed from the surface to 
avoid incorporation into the subsequent layer. Usually the excess arsenic is 
desorbed during a growth interruption. The length of this growth pause has to 
be adjusted depending on the temperature. In MOVPE the time necessary 
for an exchange of the gas phase has also to be taken into account. The 
switching scheme applied is a matter of individual optimization and often 
considered as proprietary knowledge. 
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Phosphorus has a much higher vapor pressure than arsenic. Consequently 
it is more easily removed from the surface. When switching from a 
P-containing to an As-containing layer P can desorb from the first mono- 
layers of the grown layer and can be replaced by the less volatile As. Again 
a process-dependent optimization of the switching scheme is necessary. 

In MOVPE polycrystalline material is usually deposited on the substrate 
holder. Among the group-III elements In has the highest vapor pressure. 
If large amounts of In-containing material are deposited upstream of the 
substrate there is a risk of desorption or transport by chemical reactions 
resulting in In incorporation into the subsequently grown layer. Such effects 
have to be reduced by both optimizing the susceptor-temperature profile and 
also by optimized growth interrupts. 

5 Strained Quantum Wells 

In some cases important emission wavelengths (for example 980 nm needed 
for pumping Er-doped fiber amplifiers) are not accessible with active regions 
lattice-matched to GaAs (or InP). In such cases lattice-mismatched layers 
are the only choice. Such layers can be employed as long as the strain re- 
sulting from the mismatch is accommodated elastically without formation 
of misfit dislocations [56]. The beneficial consequences that strain-induced 
band-structure modifications might introduce in QW lasers were first sug- 
gested independently by Yahlonovitch and Kane [81] and Adams [82]. The 
introduction of strain in a typical zincblende-type semiconductor like GaAs 
splits the degeneracy at the valence-band-edge maximum, and separates the 
heavy-hole and light-hole subbands as is schematically depicted in Fig. 7. The 
change in the band structure leads to a reduction of the density of states at 
the edge of the valence band and also the effective mass of electrons and holes. 
This reduces the threshold-current density of strained QWs in comparison to 
unstrained ones. Additionally, the lifted degeneracy leads to a preferential 
polarization of the emitted light. For tensile strain, transitions involving the 
light holes have the lowest energy leading to polarization in the QW plane 
(TM mode); for compressive strain, transitions between electrons and heavy 
holes lead to polarization perpendicular to the QW plane (TE mode) . Due to 
these positive effects, strain is nowadays introduced even if the same emission 
wavelength is, in principle, possible using unstrained material. 

5.1 Pseudomorphic Growth and Strain Relaxation 

In pseudomorphic growth a mismatched epitaxial layer adopts the lattice con- 
stant of the substrate in the growth plane while it adjusts the lattice constant 
in the perpendicular direction according to its elastic properties. For a cubic 
crystal this results in tetragonal distortion. This deviation from the equilib- 
rium lattice constants leads to excess energy. If this energy exceeds a certain 
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Fig. 7. Schematic representation of the changes in band structure caused by intro- 
duction of tensile and compressive strain 



limit the layer can relax to an energetically more favorable state by formation 
of misfit dislocations. Depending on the type of structure (i.e. single or double 
heterostructure) and the type of dislocations involved the maximum strain 
that can be accommodated elastically, i.e. without relaxation by dislocations, 
has been theoretically predicted. The original calculations by Matthews and 
Blakeslee [5G] have been modified by others [83,84] to determine more accu- 
rately the critical thickness up to which layers of a certain mismatch can be 
grown. 

While these theories provide a good guideline for an estimation of a criti- 
cal layer thickness they are not accurate enough to give quantitative results. 
Experimentally it has been found that the critical layer thickness also depends 
on the growth temperature [85] and is different for dislocations running in 
different crystallographic directions. It has also been found that depending 
on the growth conditions point defects can be formed before extended de- 
fects are generated [86]. While extended defects are known to lead to rapid 
device degradation, point defects are suspected to be the cause of gradual 
degradation [50]. This means that the device performance is the criterion 
that determines the maximum permissible strain in a QW. This maximum 
strain is not necessarily a quantity determined only by the lattice constants 
but may depend on the growth conditions. 

In the case of GalnAs/GaAs QWs used as active regions for emission 
wavelengths in the range of below 850 nm to above 1100 nm other factors 
related to strain have to be taken into account. The compressive strain in 
such layers creates a barrier against the incorporation of the big In atom. 
This leads to a reduction in the In uptake into strained layers in compar- 
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ison to relaxed ones [87]. This reduction of incorporation efficiency results 
in an increased coverage of the growing surface with In. At the beginning 
of the growth of the QW this coverage gradually builds up. This can lead 
to a graded lower interface. At the upper interface the In floating on the 
surface can be incorporated into the subsequent layer, again resulting in a 
graded interface. At high coverage even In droplets can form which can lead 
to three-dimensional growth of In-rich crystallites on top of the QW and con- 
sequently rough interfaces. Above a certain coverage incorporation into these 
In-rich areas can be preferred over incorporation into the QW. This leads to 
a reduction of the In content in the QW if the In supply is increased over 
a critical limit. The maximum In content observed at 750° C for example is 
X = 0.30. This limit can be pushed to higher values by using high growth 
rates and/or low temperatures. The limitation of the In uptake during growth 
has to be taken into account in addition to the limitation given by strain re- 
laxation when trying to push the operation of lasers with strained InGaAs 
QWs to longer wavelengths. Although less- well studied, similar observations 
have been made for the growth of compressively strained. In-rich GalnP QWs 
emitting in the visible red region. 

Tensile-strained GaAsP QWs are used as an active region for emission 
wavelengths in the range 800 nm to 715 nm [16,88]. Such QWs have not been 
as intensively studied as compressively strained InGaAs QWs. The phenom- 
ena discussed above are related to the accumulation of In on the growing 
surface. Such accumulation is not possible for highly volatile materials like P. 
Gonsequently, no limitation of P incorporation due to strain effects has been 
observed. In MOVPE, due to the different thermal stability of PH 3 and AsHa, 
control of the GaAsP composition is difficult. At low temperatures the P con- 
tent is very sensitive to the ASH 3 /PH 3 ratio. This situation is improved at 
higher temperatures (« 750° G) as are used in any case for the AlGaAs wave- 
guide layers. 

5.2 Strain Compensation 

In MQW structures the net strain accumulates, reducing the maximum al- 
lowable strain in a single QW. InP-based devices in particular often use stacks 
of several QWs to reduce the leakage current and obtain better temperature 
characteristics [89]. This is possible by using strain-compensating barriers 
which have the opposite strain of the QW. Each QW thus sees a similar 
accumulated strain from the underlying layer. If the barriers are precisely 
strain-compensated even superlattices of considerable thickness can be grown. 

This approach can also be used to incorporate higher strain into a SQW 
to increase the accessible wavelength range. Highly strained GalnAs/GaAs 
QWs as active region in diode lasers emitting at 1060 nm have been fabricated 
using GaAsP barriers [87]. Strain compensation may also help in improving 
device reliability, since at reduced overall strain the driving force for defect 
generation or defect motion is reduced. Additionally, strained barriers can be 
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instrumental in optimizing the band structure. For red diode lasers tensile- 
strained AlGalnP barriers around the QW have improved carrier confinement 
and reduced absorption at the laser facet [90]. Normally, a transition from 
biaxial to uniaxial strain can lead to a band gap reduction and thus enhanced 
absorption in the barriers. If the active region is strain-compensated this effect 
can be avoided. 

6 Device Results 

The ultimate criterion for optimization of growth procedures is the device 
performance. However, a valid comparison of data available from the liter- 
ature, if at all possible, is difficult. Usually, the basic quality of the layer 
structure is assessed on bare chips using pulsed excitation. Typical values for 
the pulse width are 0.5 ms to 1ms at 5 kHz repetition rate to prevent the 
devices from self-heating. If CW or quasi-CW data of mounted devices are 
compared the efficiency of heat removal from the device is an important fac- 
tor. The heat dissipation is partly determined by the thermal conductivity of 
the waveguide and cladding layers and partly by the quality of the mounting 
procedures and the thermal conductivity of submounts, etc.. Thus measure- 
ments on mounted devices often give information only on the lower limit of 
the material quality. 

The geometry of the devices used for the assessment of the layer quality is 
an important factor. A larger width of the emitting aperture allows for higher 
output power since the power density is reduced. Longer devices facilitate 
heat removal again allowing for higher output power. The same holds true 
for reduced measurement temperatures where carrier leakage is also reduced. 

The output power from one facet is measured and it is important to know 
whether a coating has been applied to alter the reflectivity of the facets. 
If no coating is applied the device emits from both facets. Summing the 
output power from both sides reflects a different situation than obtaining 
the same power from one facet with a high-reflectivity coating on the back 
facet. The combination of front and backside facet reflectivity and cavity 
length determines the resonator Q factor which has a strong impact on the 
measurement results. 

The vertical laser structure can be optimized with respect to different cri- 
teria. A small vertical far-field angle improves the coupling efficiency into any 
optics. Additionally it reduces the power density on the facet by a broadened 
near field thus reducing the risk of mirror damage. On the other hand a small 
vertical far field is accompanied by a reduction of not only the optical but 
also the electrical confinement. This can lead to enhanced leakage currents 
and a reduction in efficiency. 

There are no standards for aperture width, resonator length or facet re- 
flectivity making the comparison of results obtained in different laboratories 
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difficult. These difficulties are further enhanced by the different vertical lay- 
out as discussed above. 

Even if a standard lateral design would be agreed upon a comparison 
of the data is only possible within the measurement accuracy. Integrating 
spheres used for the measurement of the output power usually have an accu- 
racy of ±10%. An improvement of efficiency by 10% (measured by the same 
equipment) obtained for example by optimizing the doping profile is already 
considered significant for high-power applications. 

Due to the above reasons a valid comparison of the data found in the lit- 
erature with respect to the properties of the epitaxial layer structure is nearly 
impossible. Proprietary facet-passivation schemes and aggressive heat-sinking 
mechanisms, such as using diamond submounts or micro-channel coolers, are 
often employed in order to boost the power that can be extracted from the 
device. Although devices with 100 pm aperture have become standard for 
comparing the maximum power in a variety of material systems over a wide 
range of wavelengths, in particular, the record values for output power have 
to be carefully checked for device layout and measurement conditions. Addi- 
tionally, these values usually are limited by heat dissipation and the quality 
of the facet coating. We thus restrict ourselves to an overview on the mate- 
rial combinations used in different wavelength ranges. An overview of these 
combinations is given in Table 1 together with the respective references. 



Table 1. Combinations of active regions and waveguide structures used for HPDLs 
at different wavelengths in the range 1060 to 600 nm. The entries in the table 
indicate reference numbers 



QW 


Wav«f(uidt7 

ClaMing 


k (nm) 


65U 700 750 800 850 900 950 1000 1050 1100 


CialnAs 


AIGaAs/AlGaAs 


91 92. 87 




GaInP/AIGaAs 


94.95 




GalnP/GatnAsP 


15.28 




GaInP/AIGalnP 




GaAs 


AIGaAs/AlGaAs 


98.99.100 13 


GalnAsP 


AIGaAs/AlGaAs 


14.102 




GalnA-sP/GalnP 


103 




GalnP/ AIGalnP 


104 16 


CaAsP 


AIGaAs/AlGaAs 


17 106 


AlCa(in)As 


AIGaAs/AlGaAs 


97 91.100 


GalnP 


AIGalnP/ AIGalnP 


108 107 




AIGaInP/AlGaAs 


109 



Strained InGaAs QWs are used as active regions in the wavelength range 
880 nm to 1060 nm. Usually they are embedded in AlGaAs/AlGaAs wave- 
guide structures [91,92]. Especially for the longest wavelengths above 1000 nm, 
strain-compensating GaAsP spacer layers have been successfully utilized 
[87,93] . For wavelengths longer than 940 nm the successful combination of In- 
GaAs QWs with InGaP/InGaAsP waveguides has been demonstrated 
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[15,28,62] and is commercially available. The combination of GalnP wave- 
guiding layers and AlGaAs cladding layers [94,95] is also being worked on 
but has not found widespread use up to now. Similarly, there are only a few 
reports on AlGaInP/GalnP waveguide structures in the longer- wavelength 
region. 

Shorter wavelengths can be obtained by adding Al to the active region. 
Such strained AlGalnAs QWs are used together with AlGaAs waveguides 
predominantly for the important 808 nm wavelength [91,96] (pumping of 
Nd:YAG). The presence of indium in the active region is thought to increase 
resistance to dark-line defect propagation [60]. By increasing the Al content, 
this material system has also been used for shorter wavelengths down to 
730 nm [97]. 

Unstrained GaAs QWs in AlGaAs waveguides find limited application 
in the range 850 nm to 800 nm. Though high-power 808 nm devices have 
been demonstrated [98,99], achieving such wavelengths requires extremely 
thin (« 3nm) QWs which are very difficult to control. Gonsequently the 
application of GaAs QWs concentrates on the range 850 nm to 870 nm [13]. 
Again, adding Al to the QW shifts the wavelength to the shorter side, with 
AlGaAs-active devices being used at 808 nm [100] and high-power operation 
down to 715 nm being reported [101]. However, as even small amounts of 
Al in the active region drastically reduce the maximum internal power den- 
sity at the catastrophic-optical-mirror-damage (GOMD) level, AlGaAs-active 
devices in this wavelength range offer limited reliability [59]. 

Quaternary GalnAsP-active regions have been extensively investigated 
for emission between 875 nm and 730 nm. High-power 808 nm-emitting com- 
pletely Al-free lasers using such QWs embedded in InGaP/InGaAsP wave- 
guides have been demonstrated [102,103]. AlGaInP/GalnP waveguide struc- 
tures provide higher barriers and have been utilized at 808 nm [16] and also 
down to 730 nm [104]. A combination of unstrained and strained GalnAsP 
QWs with AlGaAs waveguide structures has been intensively studied in our 
own laboratory [105]. Despite the difficulties in combining these materials, 
high reliability at high output powers has been found in these studies. 

Tensile-strained GaAsP is also a contender for the wavelength range 
810 nm to 715 nm. High efficiencies and good reliability are reported for such 
QWs in AlGaAs waveguide structures [17,106]. 

For even shorter wavelengths GalnP QWs have to be used [107,108,109]. 
Between 650 nm and 690 nm compressively strained GalnP QWs are usually 
employed, while tensile strain is introduced for shorter wavelengths around 
630 nm. In all cases the waveguiding layer is made from AlGaInP. The 
cladding material is predominantly Al(Ga)InP. Although in principle pos- 
sible, as in the case of red VGSEL structures (where the Bragg mirrors are 
made from AlGaAs), there are very few reports [109] on the use of AlGaAs 
cladding layers for the short- wavelength region. 
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In the short-wavelength region the conduction-band barrier for the elec- 
trons becomes particularly small. Thus, the efficiency decreases with decreas- 
ing wavelength, making high-power operation increasingly difficult. Improve- 
ments have been brought about by the use of superlattices in the upper 
waveguide structure that act as Bragg reflectors for the electrons. However, 
the additional heterointerfaces also lead to increased series resistances. The 
series resistance is especially a problem in red diode lasers due to the lim- 
itations in p-doping levels that can be obtained in Al(Ga)InP as discussed 
in Sect. 3.2. The shortest wavelength reported for GaAs-based lasers up to 
now is 595 nm, but only low output powers can be achieved for such short 
wavelengths. 

As already mentioned, the rapid progress made in the fabrication of GaN- 
based laser structures holds promises for the extension of the wavelength 
range of high-power diode lasers to even shorter wavelengths into the blue in 
some years from now. 



List of Acronyms 



GBE 

GIVPE 

GW 

DH 

DMZn 

ELOG 

GSMBE 

HPDL 

HVPE 

LED 

LEED 

LPE 

MBE 

MOGVD 

MOMBE 

MOVPE 

PHEMT 

QW 

RHEED 

SGH 

TE 

TEM 

TBP 



Ghemical Beam Epitaxy (also: MOMBE) 

Ghloride Vapor-Phase Epitaxy 
Gontinuous Wave 
Double Heterostructure 
Dimethyl Zinc Zn(GH 3)2 
Epitaxial Lateral OverGrowth 
Gas-Source Molecular-Beam Epitaxy 
High-Power Diode Laser 
Hydride Vapor-Phase Epitaxy 
Light-Emitting Diode 
Low-Energy Electron Diffraction 
Liquid-Phase Epitaxy 
Molecular-Beam Epitaxy 

Metalorganic Ghemical Vapor Deposition (also: MOVPE) 
Metalorganic Molecular-Beam Epitaxy 
Metalorganic Vapor-Phase Epitaxy (also: MOGVD) 
Pseudomorphic High Electron Mobility Transistor 
Quantum Well 

Reflection High-Energy Electron Diffraction 
Separate Gonfinement Heterostructure 
Transverse Electric 
Transmission Electron Microscopy 
TertiaryButyl Phosphine G 4 H 9 PH 2 
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TMA 

TMG 

TMI 

TM 

UHV 



Trimethyl Aluminum 
Trimethyl Gallium 



Trimethyl Indium 



Transverse Magnetic 
Ultra-High Vacuum 
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Abstract. GaAs substrate crystals with low dislocation density (Etch-Pit Density 
(EPD) < 500 cm“^) and Si-doping (« 10^® cm“^) are required for the epitaxial 
production of high-power diode-lasers. Large-size wafers (> Sin) are needed for re- 
ducing the manufacturing costs. These requirements can be fulHlled by the Vertical 
Bridgman (VB) and Vertical Gradient Freeze (VGF) techniques. For that purpose 
we have developed proper VB/VGF furnaces and optimized the thermal as well as 
the physico-chemical process conditions. This was strongly supported by extensive 
numerical process simulation. The modeling of the VGF furnaces and processes 
was made by using a new computer code called GrysVUN-l— 1-, which was recently 
developed in the Crystal Growth Laboratory in Erlangen. 

GaAs crystals with diameters of 2 and 3 in were grown in pyrolytic Boron Nitride 
(pBN) crucibles having a small-diameter seed section and a conical part. Boric oxide 
was used to fully encapsulate the crystal and the melt. An initial silicon content in 
the GaAs melt of c(Simeit) = 3 x 10^®cm“^ has to be used in order to achieve a 
carrier concentration of n = (0.8-2) x 10^® cm“®, which is the substrate specification 
of the device manufacturer of the diode-laser. The EPD could be reduced to values 
between 500 cm“^ and 50cm“^ with a Si-doping level of 8 x 10^^ to 1 x 10^® cm“®. 
Even the 3 in wafers have rather large dislocation-free areas. The lowest EPDs 
(< 100 cm“^) are achieved for long seed wells of the crucible. 



The fabrication of high-power diode-lasers requires GaAs substrates with spe- 
cial material and surface properties for the epitaxial processing. The most- 
important requirement is a low dislocation density expressed in terms of the 
Etch-pit density (EPD), with a value of EPD < 500 cm“^. This low EPD 
is an indispensable prerequisite for diode-laser fabrication as dislocations are 
deleterious for the lifetime and performance of the devices. The n-type electri- 
cal conduction (achieved by Si doping) with a carrier concentration of about 
10^® cm“® is necessary because the substrate forms one of the diode contacts. 
Other important properties of the substrate wafers like orientation, surface 
and mechanical properties are discussed in Sect. 4. 



R. Diehl (Ed.): High-Power Diode Lasers, Topics Appl. Phys. 78, 121-171 (2000) 
© Springer- Verlag Berlin Heidelberg 2000 
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1 Selection of the Growth Method 

The GaAs substrate wafers are cut from bulk single crystals which are grown 
from the melt by special techniques. In this section we discuss possible growth 
methods and come to the selection of the most appropriate one. In Sect. 2 
the technical details of the growth setup and processing will be presented in 
detail, including the furnace concepts, design of growth containers, thermody- 
namics of the materials and means of process automation. A separate section 
(Sect. 3) is devoted to the numerical modeling of the crystal-growth process. 
For that purpose a special computer code (CrysVUN-|— 1 -) was developed for 
the optimization of both the growth setup and the growth process. Finally, 
in Sect. 4 the achieved results concerning crystal and wafer properties will be 
presented. 

1.1 Important Features of GaAs Crystal-Growth Methods 

Bulk GaAs crystals can be grown from the melt either by ‘crystal pulling’ 
(Gzochralski methods) or by directional solidification in a crucible 
(Bridgman-, Stockbarger- or gradient freeze methods). An important issue 
of the growth of GaAs by these methods is the control of the composition of 
the melt, as GaAs has an equilibrium vapor pressure of about 2 bar (As 2 , 
AS 4 ) at the melting point = 1238° G (for details see Sect. 2). Two princi- 
ples are in use, ‘hot wall’ (a) and ‘liquid encapsulation’ (b) depicted in Fig. 1, 
which will be briefly discussed in the following. 

In the first method, the heated crucible containing the GaAs melt with a 
free surface is placed in a hermetically sealed envelope (Fig. la) together with 
a second crucible containing a certain portion of elemental solid As. Three 
temperature-pressure conditions have to be fulfilled to prevent dissociation 
of the GaAs melt: 

(i) Melt-vapor equilibrium: the equilibrium partial vapor pressures of the 
decomposing GaAs melt, i.e. the vapor pressures p(As 2 ),p(As 4 ) of the 



Fig. 1 . Hot-wall principle (a) with separate vapor-pressure source (As reservoir 
with temperature Tas solid) and liquid-encapsulation principle (b) to prevent the 
dissociation of a decomposing melt (GaAs at melting temperature TcaAs melt) 




GaAs melt Envelope As reseroir 
(hot wall) 

ToaAs melt Twall Tas solid 



Liquid encapsulant 
B2O3 glass 



GaAs melt Envelope 
(cold wall) 
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volatile component As (we can neglect the Ga pressure which is rather 
low) must be maintained in the whole volume of the envelope. 

(ii) Vapor-solid equilibrium: the vapor pressures p(As 2 ) and p(As 4 ) of the 
solid reservoir (As) must exactly match the values defined in (i) for the 
melt at the given temperature TcaAs melt) i-e. the melting temperature. 
Thus the temperature Tas solid has to be controlled in the range 610- 
620° C to match the vapor pressures p(As 2 ) and p(As 4 ) of the GaAs 
melt. Any deviations would change the composition of the melt, which 
is undesirable. 

(iii) Boundary condition for the envelope wall (‘hot wall’): the temperature 
of the internal surface of the envelope wall must be higher than the tem- 
perature (610-620° G) of the solid As reservoir to avoid condensation of 
solid As at the wall, which otherwise would consume all the As from the 
solid As source and later from the melt. This condition T^aii > Tas solid 
explains the name ‘hot- wall principle’. 

The important advantage of the hot-wall technique is the possibility to 
establish a well-defined melt composition by controlling the temperature of 
the As reservoir. The use of hot walls, however, can cause several technical 
problems as the material of the envelope has to sustain the chemical attack 
of the reactive As at T « 610° G. This holds especially if a mechanical feed- 
through is necessary to introduce a pulling rod into the chamber, as in the 
case of the Gzochralski method (Vapor-Gontrolled Gzochralski (VGZ) and 
Hot- Wall Gzochralski (HWGZ)). 

The second method, the liquid-encapsulation method as sketched in 
Fig. lb, overcomes the technical problems of a ‘hot wall’ elegantly but has the 
disadvantage that the melt composition cannot be controlled actively. The 
melt (GaAs) contained in the heated crucible is now covered by a chemically 
inert second fluid (boric oxide glass). This ‘liquid encapsulant’ floats on the 
top surface of the melt and also forms a thin layer between the crucible wall 
and the melt under proper preparation conditions. 

The crucible with the encapsulated melt also has to be placed in a her- 
metically sealed envelope. But the condition for the gas atmosphere in the 
vessel is much simpler than in the hot- wall case. 

As long as the pressure of the (typically inert) gas in the vessel is higher 
than the dissociation pressures p(As 2 ) and p(As 4 ) of the melt, no gas bubbles 
with components from the melt will penetrate through the encapsulation 
layer. The only loss of components from the melt is by diffusion through the 
encapsulant, which can normally be neglected. As the temperature of the 
wall of the growth vessel is not relevant for the melt condition, it can be kept 
at room temperature by water cooling and can be made from steel. 

For cases of dissociation pressures p ^ 1 bar (e.g. for the in-situ synthesis 
of GaAs) the growth vessel has to be constructed for high-pressure use. 
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1.2 Liquid-Encapsulated Czochralski (LEG) and 

Vapor- Controlled Czochralski (VCZ) Techniques 

The Czochralski method (‘crystal pulling’) [1] is the dominant principle for 
the production of bulk single crystals of a large number of electronic and 
optical materials. Several variants were developed for the growth of GaAs 
crystals (Table 1), some key items being common to all of these variants 
(Fig. 2a, b). The polycrystalline GaAs material is melted in a cylindrically 
shaped crucible. The GaAs melt is covered with a liquid encapsulant (B 2 O 3 ). 
The seed crystal which is fixed at the pulling rod is dipped through the B 2 O 3 
layer into the melt (‘seeding process’). It is important to adjust the power of 
the heaters carefully so that a certain portion of the dipped seed is remelted 
and a melt meniscus is formed. The pulling rod, i.e. the seed, is now slowly 
lifted (often under rotation) and the melt crystallizes at the interface of the 
seed by forming a new crystal portion. The shape of this crystal - especially 
the diameter - is controlled by weighing the crystal and properly adjusting 
the heating power. 



Table 1. Variants of the Czochralski (Cz) technique and characteristic features 



Cz. 


Crucible 


Heating Atmos. Pressure 


Melt 


Crystal 


Extras 


variant 




system 


(bar) 


surface 


surface 




LEG 


pBN 

SiOa 


res. graph. 

RF ’ ^ 


3-40 


covered 
by B 2 O 3 


covered 
by B 2 O 3 




VLEC 

VCZ 


pBN 


res. graph. 

As 


3-40 

several 

mbar 


covered 
by B 2 O 3 


free 


heated inner 
chamber with 
As source 


HWCZ 


pBN 


res. graph. As 


~ 2 


free 


free 


As source 
hot wall 


MLEC 


pBN 


res. graph. Ar, N 2 


3-40 


covered 
by B 2 O 3 


covered 
by B 2 O 3 


magnet 

system 


LEG = 


Liquid-Encapsulated Cz, RF 


= radio frequency, atmos. = 


atmosphere 



VCZ (VLEC) = Vapor-pressure-controlled Cz (LEG), HWCZ = Hot- Wall Cz, 
MLEC = Magnetic LEG, res. graph = resistance heating system made from 
graphite. 



1.3 Thermal Stress and Dislocation Density 

It is common knowledge that a direct correlation exists between the thermal 
stress during crystal growth of GaAs and the resulting dislocation density, at 
least for an Etch-Pit Density (EPD) > 500 cm“^. The levels of thermal stress 
can be calculated by using measured or simulated temperature distributions 
in the crystal and related quantitatively to experimentally determined EPDs 
(for a profound review see [ 2 ]). 



GaAs Substrates for High-Power Diode Lasers 



125 




Fig. 2. Scheme of the Liquid-Encapsulated Czochralski (LEG) (a), the Vapor- 
Controlled Czochralski (VLEC/VCZ) (b) and the liquid-encapsulated Vertical Gra- 
dient Freeze (VGF) (c) methods 



From this kind of analysis the well-known conclusion is derived that the 
LEG technique is a ‘high-stress’ growth technology due to the extremely 
nonuniform heat transfer conditions in the region where the crystal leaves 
the B2O3 layer on top of the melt surface. The strong variations in the radial 
heat flow (bending of isotherms) combined with the relatively high axial 
temperature gradients (Fig. 3) lead to high values of the second derivatives 
of the temperature distribution within the elasto-plastic range of the crystal 
(from the melting point down to « 600° C). 

Thus, the EPD of LEC-grown GaAs exceeds values in the range of some 
10^cm“^ for 4 in and even higher for 6 in-diameter wafers. Attempts to over- 
come this problem by hardening the GaAs lattice by alloying a few percent 
of the isoelectronic dopant In were in principle successful. But unfortunately 
this measure had a deleterious impact on the mechanical properties of the 
wafers (increased brittleness and change of lattice parameter) and was there- 
fore dropped. Attempts were also undertaken to reduce the thermal stress by 




Fig. 3. Axial temperature profiles in GaAs 
crystals during growth by different tech- 
niques: LEG, VGZ, and VGF 
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using computer simulation to improve the thermal boundary conditions. But 
the options for the LEG process are rather limited [2]. Lower axial tempera- 
ture gradients as shown in Fig. 3 lead to a decomposition of the crystal surface 
by arsenic evaporation and the formation of drops of liquid gallium at ele- 
vated temperatures. To overcome this problem the vapor-pressure-controlled 
Czochralski method (VLEC, VCZ) was developed. 

The principle of the Vapor Pressure Controlled LEG (VLEC or VCZ) 
method is shown in Fig. 2b. It is a special variant of the LEG method (Fig. 2a) 
introduced in 1983 by Tatsumi et al. [3] with the objective to reduce the 
thermal stress in the growing crystal by an active in-situ after-heating of the 
grown crystal. The after-heating, however, has the consequence that the crys- 
tal portion outside the boric oxide encapsulation layer has such an elevated 
temperature (Fig. 3) that the grown crystal decomposes at the surface by 
dissociation and is damaged severely. To prevent this dissociation it is neces- 
sary to use an inner envelope with hot walls and a source for vapor-pressure 
control, as described in Sect. 1.2. 

The condition for preventing the undesired decomposition of the GaAs 
crystal is that a solid supply of As provides a partial pressure which is higher 
than the equilibrium vapor pressure (in the millibar range) of the decom- 
posing GaAs crystal. Even though this vapor pressure is much smaller than 
the vapor pressure of 2 bar which would be necessary to avoid a decompo- 
sition of the melt, the VGZ method is a complex and expensive technique. 
Several patents describe technical solutions of the complex double container 
with feed-through of the pulling rod and a separately heated vapor-pressure 
source. 

Whereas in the case of conventional LEG the pulling rate is about 
lOmm/h, with VGZ it has to be reduced to 3-8mm/h due to the reduced 
axial temperature gradient removing the heat. More details on the use of the 
VGZ method for the growth of GaAs are given in a review article [4]. 

A considerable reduction of the thermal stress during growth and hence 
the danger of plastic deformation, i.e. dislocation formation, is possible by 
the directional solidification methods (e.g. Vertical Gradient Freeze, Fig. 2c) 
which are described in the next section. 

1.4 Methods of Directional Solidification: Gradient Freeze 
and Bridgman Variants 

Directional solidification is the basic principle of controlled solidification with 
greatest importance in the field of metallurgical production. The use of this 
principle for growing single crystals by melting a charge in a crucible and 
cooling the melt until it starts to crystallize from one end of the crucible 
to the other dates back to 1914 [5]. This method can be carried out by 
moving the growth interface in horizontal or in vertical direction (Fig. 4). 
The crystal-growth configuration typically consists of a tube furnace which 
provides a temperature profile with negative gradients parallel to the growth 
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Fig. 4. Various principles of 
directional solidification meth- 
ods (Gradient Freeze, Bridg- 
man) and important features 



direction, at least in the vicinity of the growth interface but mainly in the 
major portion of the melt and the crystal. A single crystal seed is used in one 
end of the boat or the lower end of the vertical crucible (Fig. 4). 

Crystal growth is carried out by a controlled shifting of the temperature 
profile relatively to the boat or crucible as sketched in Fig. 5 exemplifying 
the vertical configuration. This can be achieved by three variants: mechanical 
movement of the crucible relatively to the fixed furnace, first introduced by 
Bridgman in 1925 [6], mechanical movement of the furnace relatively to the 
fixed crucible {Stockbarger in 1925 [7]) and without any mechanical move- 
ment. In the latter case, shifting of the temperature profile is achieved only 
by power control of the furnace heater (gradient freeze) . 

Table 2 compiles the Gradient Freeze and Bridgman-Stockbarger variants 
together with some important features which are presently in use for the 




Fig. 5. Sketch of the furnace- 
temperature profiles for different 
time steps {ti,t2,t3 a-nd ti) with 
positions xi,X 2 ,X 3 and X 4 of the 
crystal-melt interface in a Vertical 
Bridgman (VB) or Gradient Freeze 
(VGF or Stockbarger) conhguration 
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growth of GaAs crystals. The control of the melt composition with respect 
to the loss of As is again an important issue. 



Table 2. VGF and Bridgman variants and characteristic features for the growth 
of GaAs crystals 



Variant 


Axis 


Movement Crucible 


B2O3 

encap."^ 


Silica 

ampoule 


As 

source 


Heating 

system 


Growth 

direction 


HB 


hor.‘" 


furnace 


SiOa 


no 


yes 


yes 


tube 

furnace 


iiV 


HGF 


hor. 


no 


SiOa 


no 


yes 


yes 


tube 

furnace 


iiV 




vert.*^ 


no 


pBN 


yes 


yes 


no 


tube 

furnace 


100 


VGF 


pBN 


no'^ 


yes 


yes 


tube 

furnace 


100 


vert. 


no 


pBN 


yes 


no 


no 


graphite 


100 




SiOa" 


heater 


VB 


vert. 


furnace 


pBN 


yes 


yes 


no/yes 


tube 

furnace 


100 


vert. 


crucible 

. r .1 b 


pBN 


yes 


no 


no 


graphite 

heater 


100 



f 



is possible but with low yield, ® special technique for removal of Si02 crucible, 
low yield for < 100 > growth direction and crystals having a D-shaped 



cross section 



The Horizontal Bridgman (HB) technique is the oldest industrial tech- 
nique for the growth of GaAs single crystals and is still in use today for 
industrial production of Si-doped GaAs. However, its use is decreasing due 
to the fact that only <lll>-oriented crystals can be grown with a high yield 
and the noncircular (D-shaped) cross section of the crystals gives a bad yield 
in producing round wafers. 

The use of the VGF and VB methods for GaAs-crystal growth goes back 
to the 1960s but the real break-through came only with the pioneering work 
of Gault et al. [8] in 1986. A special article by Monberg [9] in the Handbook 
of Crystal Growth is devoted to this development. The increasing interest in 
the use of VGF results from the fact that it provides several advantages com- 
pared to the other methods. It is the simplest principle of melt growth, has 
stable hydrodynamic conditions (compare [10]), is well suitable for computer 
modeling (Sect. 3) and for automatic process control, has low thermal-stress 
conditions for the growing crystal (Fig. 3), and gives round-shaped crys- 
tals with easy diameter control and less-expensive equipment. The control 
of dissociation and vapor pressure is possible by the principles which were 
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introduced in Sect. 1.4 and Fig. 1. Its technical realization is discussed in 
detail in Sect. 2. 

However, the VGF method has one severe disadvantage compared to the 
Czochralski method. It does not allow for a direct observation of the growing 
crystal. Any disturbance of growth, e.g. by crystal-crucible interaction, can- 
not be ‘repaired’ by melting back but is detected only when the crystal is re- 
moved from the crucible after growth. Earlier, twin formation was a problem 
in the VGF growth of GaAs and still is for InP, but now it can be overcome 
for GaAs by proper preparation and shape of the crucible (Sect. 2.4). 

As a consequence of the above discussion we have concluded that the 
VGF method seems to be best suited to develop a highly efficient industrial 
process for the growth of low-EPD Si-doped GaAs single crystals to be used 
for the fabrication of substrates for high-power diode-lasers. 

In the next section our VGF process technology (which was developed 
in the framework of the German LASER 2000 project) will be described in 
detail. 

2 Physico-Chemical Features of the VGF Technology 
for the Growth of Si-Doped Low-EPD GaAs 
Single Crystals 

The selection of the proper VGF variants and the optimization of the growth 
setup (including materials preparation) are strongly related to the details of 
the physico-chemical processes and their kinetics involved in the system con- 
sidered, including all participating species and materials. GaAs and the As 
species which evaporate during heating are highly reactive. A direct contact to 
hot metallic parts (including heaters) of the growth setup has to be avoided. 
Present VGF technology uses, therefore, highest-purity non-reactive materi- 
als like boric oxide (B 2 O 3 ), pyrolytic boron nitride (pBN), quartz (Si 02 ) and 
eventually graphite inside the growth setup. 

In addition to the chemical aspects other factors like shape of the crucible 
or type of furnace have also to be considered. 

2.1 Discussion of VGF Variants 

We have selected a crystal-growth process without any mechanical movement 
of furnace or crucible, called ‘VGF’ (Sect. 1 and Table 2). In this case distur- 
bance by mechanical vibrations is reduced and the growth setup is simplified. 

Furthermore, in this article we are concentrating on pBN as a crucible 
material, although GaAs crystals were also grown successfully by using fused- 
silica VGF crucibles [11]. Silica has the advantage of a better match to the 
thermal conductivity of GaAs as compared to pBN, but it has some inher- 
ent disadvantages like strong reaction with boric oxide and softening at the 
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growth temperature (1250“1280° C). pBN is chemically resistant and ther- 
mally stable but the strongly anisotropic heat conductivity causes some prob- 
lems by bending the isotherms at the periphery (for details see Sect. 3). 



2.1.1 The Hot- Wall VGF Process 



In the hot- wall VGF process (Sect. 1.2) the crucible with the GaAs is placed 
in a sealed silica ampoule as sketched in Fig. 6b, c. In this case the internal 
space of the ampoule is a hermetically closed chemical system without any 
interaction with other constituents like heating, insulating or wall material. 
Both variants in Fig. 6b,c use a surplus of As supply as explained in Fig. la. 
In the first variant (Fig. 6b) the extra As will be totally evaporated. The 
necessary amount m of solid As to provide that As-vapor pressure which is 
equal to the equilibrium vapor pressure of the upper surface of the GaAs melt 
can be calculated to be 



PGaAs,TVrMAs 

RTa.v 



, with 



( 1 ) 



m = amount of the solid As (g) 

PGaAs.T = As partial pressure of the GaAs melt at the 

corresponding (desired) composition and mean 
temperature Tav of the GaAs surface during 
growth (kPa) 

V = free volume of the ampoule (dm^) 

r = mean number of As atoms of the dominating As molecules 

M = molecular weight of As (g) 

R = gas constant 

Tav = mean temperature of the relevant free volume of the 
ampoule during growth. 





Fig. 6. VGF variants with liquid encapsulation (a) and closed ampoule without 
(b) and with (c) separately controlled temperature of the As-vapor source 
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In this method the As-vapor pressure cannot be adjusted during the en- 
tire growth process because Tav is changing. This can be overcome by the 
variant shown in Fig. 6c which uses an As source with a separately controlled 
temperature. Now the solid As is not totally evaporated as in the case shown 
in Fig. 6b but heated to yield a certain As-vapor pressure which is required to 
be in equilibrium with a certain As/Ga composition, eventually stoichiometry 
(As/Ga= 1). 

Both variants (Fig. 6b, c) were studied with liquid encapsulation by boric 
oxide and without. Statistical evaluation of the results clearly showed that the 
yield in low-EPD single-crystalline material could be increased when boric 
oxide was used. 

Although the variant with B2O3 (Fig. 6b,c) is not exactly the hot-wall 
principle as sketched in Fig. la, it exploits its advantages. The melt com- 
position can still be controlled by the vapor pressure of the As source but 
with some kinetic slowdown due to the diffusive or convective transport of 
As through the boric oxide layer. On the other hand, this principle uses the 
advantages of the ‘soft packaging’ of the growing crystal by the thin liquid 
layer of boric oxide between pBN crucible and crystal. 



2.1.2 The Cold- Wall VGF Process 

In Sect. 1.2 we have seen that a decomposition of the GaAs melt can also 
be avoided by using inert gas overpressure and a liquid encapsulant boric 
oxide in an open system which is now an absolute necessity. In this case the 
sealed containment is a water-cooled steel autoclave, as sketched in Fig. 6a. 
In contrast to the hot wall variants (Fig. 6b, c) the Ga/As composition of 
the melt cannot be controlled. Some loss of As during heating (T < 500° G) 
cannot be avoided as long as the boric oxide is too viscous to completely 
cover the polycrystalline GaAs charge. This evaporating As can react with 
the heaters and deposit on the steel walls. Thus graphite heaters have to be 
used to avoid damage. 

Another solution of this problem is the use of a silica ampoule around the 
crucible which has a small hole in the lower cold end. In this case the silica 
ampoule contains the same inert-gas pressure as the autoclave but prevents 
the contamination of the heaters and the autoclave wall as the small amount 
of evaporating As deposits on the lower cold ampoule walls. 

The transport of As through the boric oxide during growth is only by 
diffusion. This small loss of As is of no practical importance; it also deposits 
on the ampoule wall. In this case inexpensive metal wire heaters (e.g. made 
from KANTHAL) can be used. 
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2.2 Important Chemical Reactions in the VGF Growth 
of Si-Doped GaAs 

The composition and doping of the GaAs crystals are strongly influenced 
by the thermodynamic equilibria and the kinetics of the chemical reactions 
which are involved. 



2.2.1 GaAs Phase Diagram 

The phase diagram of GaAs is shown in Fig. 7. The maximum of the liquidus- 
solidus line defines the melting point = 1238° G and does not exactly cor- 
respond to the ratio Ga/As = 1 (called stoichiometry). During crystallization 
the composition of (Gaa;Asy) may change according to the solidus line in the 
phase diagram. The off-stoichiometry of GaAs crystals is related to certain 
concentrations of intrinsic and extrinsic point defects (see e.g. [12]). 

A change in the composition of the GaAs melt is mainly caused by the 
loss of As due to evaporation. Another effect is the formation of arsenic and 
gallium oxides. Both oxides are dissolved in the boric oxide but with different 
solubilities [13] . The composition of the gas phase which is in equilibrium with 
GaAs is shown in Fig. 8. The dominating gas species which define the vapor 
pressure are As 4 and As 2 if the system is close to equilibrium. 





Fig. 7. Phase diagram and vapor 
pressure of GaAs {upper figure) 
with strongly enlarged solidus re- 
gion {lower figure) [12] 
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Temperature (°C) 

Fig. 8. Calculated arsenic partial pressure versus temperature above GaAs 
with/without B 2 O 3 encapsulation [14] 



2.2.2 Reactions in the System GaAs, Si and B 2 O 3 

For doping GaAs with Si, elementary Si or SiAs is added to the GaAs melt. 
Elementary Si might cause problems if an oxide layer prevents the dissolution. 

Si is incorporated into the growing GaAs crystal according to the segrega- 
tion coefficient k, defined by fc = Cg/ci with the concentrations in the crystal 
(cs) and the melt (ci). Literature values of k are given in Table 3. As k is 
smaller than 1 the GaAs melt is enriched by Si during growth (‘segregation’) 
resulting in a continuously increasing Si concentration in the growing GaAs 
crystal (Fig. 9). The experimental data follow the Scheil equation [15] given 
in the figure. 



Table 3. Segregation coefficients k of Si in GaAs obtained by different growth 
techniques as reported in the literature 



Author 


k 




Growth method 


[17] 


0.11, 0.13 




LEG 


[18] 


0.11 




LEG 


[19] 


0.0185 




LEG 


[ 20 ] 


0.025-0.028 




LEG 


[ 11 ] 


0.18-0.31 




VGF -b Si 02 crucible 


[ 21 ] 


0.14 




HB/HGF 


[ 22 ] 


0.136 




HB/HGF 


[15] 


0.11 




VGF + pBN crucible 




fc(SiGa) 


fc(SiA.) 


1 


[23] 


0.12 


0.036 


HB / HGF 
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Solidified fraction g 



Fig. 9. Si concentration of a VGF-grown 2 in GaAs crystal versus solidified frac- 
tion g. Symbols: measured carrier concentration n = [Si]/0.67 (explanation in 
Sect. 4). Lines: calculated according to [15] with k = 0.11 ([16]) 



The nonuniform Si doping along the growth axis shown in Fig. 9 gives 
a higher Si concentration in wafers grown at the tail end as compared to 
wafers from the seed end of a VGF crystal. This axial nonuniformity is only 
acceptable for wafer fabrication if the shape of the crystal-melt interface is 
nearly planar. Otherwise, as shown in Fig. 10a, the longitudinal section of a 
VGF crystal reveals a strong concave bending of the interface, resulting in a 
strong nonuniformity of the distribution of the Si in the wafers. Figure 10b 
shows such an example of a wafer with a ring-like nonuniform Si distribution 
(taken from the crystal of Fig. 10a). Such kind of nonuniformity has to be 
avoided by establishing proper thermal boundary conditions (see Sect. 3). 

Results for crystals grown with different VGF variants show that the use 
of B 2 O 3 can strongly reduce the doping level compared to concentrations 
expected from the segregation coefficient (Fig. 11). The Si concentration in 
the melt, however, should not exceed 4 x 10^® cm“^ to prevent deleterious 
precipitations at the surface or in the bulk of the GaAs crystals which will 
induce polycrystalline growth [15]. 

Furthermore, the GaAs melt is contaminated with B stemming from the 
B 2 O 3 encapsulant. B competes in GaAs with the Si dopant in the reaction 
with oxygen according to 

2 B 2 O 3 + 3Si ^ 3Si02 -k 4B (2) 

with the reaction constant fcB/Si = |B|t/Si. 

Si oxidation supports the observation that increased Si-doping concen- 
trations foster the incorporation of B in GaAs [25] as the equilibrium (2) is 
shifted to the right. (In the case that silica is used as ampoule material the 
reaction of the Si 02 with volatile components of the system also causes a 
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Fig. 10a, b. Examples of nonuniformity of VGF-grown GaAs crystals due to 
nonuniform Si distribution, caused by strong bending of the growth interface and 
unsteady growth conditions, as revealed by infrared-transmission topography [24]. 
Axial (a) and radial (b) crystal sections 



contribution to the Si doping. But its level can be neglected compared to the 
Si-doping level of 10^® cm“®.) 

The reaction of the pBN crucible material with oxygen is used for crucible 
preparation to create a fresh B2O3 layer on the crucible wall. It has a thickness 
between 5 pm and 40 pm depending on the oxidation temperature around 
1000° C. This procedure has to be optimized to provide a sufficiently thick 
B2O3 layer to avoid any contact of the GaAs melt or crystal with solid pBN. 
On the other hand, the oxidation process has to be as short as possible to 
save wall thickness for frequent use of the crucible. 

The physico-chemical reactions mentioned in this section can be treated 
by numerical modeling with the appropriate software considering all relevant 
reactions of the elemental system components, as sketched in Fig. 12. An 
example of such a computer program is ChemSage [26], which was used to 
calculate the vapor pressures by the method of multi-component thermody- 
namics, as plotted in Fig. 8. These kinds of numerical models are very useful 
to study the qualitative influence of parameters to save experimental time. 

An example of the usefulness of such thermodynamic calculations of equi- 
libria among liquid GaAs and Si, B, O is found in [27]. A growth configuration 
with a Si02 (or pBN) crucible, B2O3 encapsulation and GO species in the sur- 
rounding gas phase are proposed from this kind of thermodynamic modeling. 
The corresponding results are summarized in Figs. 13 to 16. 

Figure 13 shows the predominant areas of the various liquids as a function 
of the carbon activity and the oxygen partial pressure, taking into account 
the chemical potentials of the elemental constituents. 
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Fig. 11. Carrier concentration n versus Si concentration in GaAs grown 
with/without boric oxide encapsulation [15] 



The shaded area in Fig. 13 indicates the experimental conditions under 
which GaAs crystals should be grown. This region is limited at low O poten- 
tials by the saturation of the GaAs melt with B and Si and the occurrence 
of carbides. For high carbon activity carbon is saturated. For high oxygen 
partial pressure, oxides occur (Si02, Ga203 and B2O3). 

The results of the thermodynamical analysis of the system under con- 
sideration, as presented in the above diagrams, are obtained without taking 
into account a solid carbon source and the negligible impact of crucibles as 
dopant sources. 
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Fig. 12. Physico-chemical reactions in a system consisting of Si-doped GaAs solid 
and melt, boric oxide, carbon heaters, quartz ampoule and inert-gas atmosphere 
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Fig. 13. Equilibrium phases depending on 
the oxygen partial pressure and the carbon 
activity in the chemical system illustrated in 
Fig. 12 [27] 
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Fig. 14. Fugacity of species in the gas phase in equilibrium with boric oxide and 
GaAs melt versus variation of Si content [27] 
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Fig. 15. Mol fraction of B, O and Si in the GaAs melt in equilibrium with liquid 
boric oxide versus variation of Si content [27] 
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Fig. 16. Mol fraction of As, Ga and Si oxides in the liquid boric oxide in equilibrium 
with the GaAs melt versus variation of Si content [27] 



GaAs Substrates for High-Power Diode Lasers 



139 



The composition of the gas phase (in terms of the fugacities of the gaseous 
species) in equilibrium with liquid B 2 O 3 and the GaAs melt as a function of 
the Si concentration (activity) is shown in Fig. 14. The dependence of the 
mol fractions of B, O and Si and of the mol fractions of Si 02 , Ga 203 and 
B 2 O 3 in liquid boric oxide and molten GaAs on the Si concentration in the 
system are shown in Figs. 15 and 16, respectively. 

It can be derived from the analysis that the As content in liquid B 2 O 3 
is very low, which means that the B 2 O 3 acts like a barrier for As, and the 
concentration of the As species in the gas phase may be neglected in practical 
crystal growth. 

The boron concentration in the GaAs melt increases with increasing Si 
concentration in the melt, which is in accordance with experimental obser- 
vations. 

It is remarkable that the concentration of gallium oxide in the B 2 O 3 melt 
is much larger than the As concentration. Hence, the composition of the GaAs 
melt is shifted towards a surplus of As as a consequence of using the B 2 O 3 
encapsulant. 

In conclusion, knowledge of the system’s thermochemistry as analysed 
by thermodynamic calculations is very useful to guide VGF growth experi- 
ments of Si-doped GaAs if the relevant boundary conditions such as starting 
composition and reaction temperatures are given. 

2.3 VGF Furnace Concepts 

The successful growth of Si-doped, low-EPD GaAs substrate crystals requires 
an adequate furnace concept to achieve the important prerequisites for the 
VGF technology (see also Sect. 3) such as 

• adjustment of heating profiles with low axial gradients (< lOK/cm) 

• solid-liquid interface with slightly convex or planar shape 

• defined control of growth rate 

• axial symmetry 

• mechanical and chemical stability under As contamination (Sect. 2.2). 

These requirements can only be fulfilled by furnaces with several heating 
elements, three being regarded as the minimum. If a separately controlled As 
source is used an additional heater is necessary to provide an isothermal re- 
gion with a temperature around 615° G. The optimum furnace concept should 
provide a nearly isothermal upper region for the melt in the range 1240 to 
1250° G to avoid superheating, an adiabatic region where the growth interface 
is positioned and a region with a low axial temperature gradient (« 5K/cm) 
in the crystal portion. The heat flux should be mainly axial, from top to bot- 
tom. Such heating profiles can best be established by multi-zone furnaces. 
Furnaces with 20-30 zones were successfully used for VGF growth [28]. The 
complex construction, however, and the expensive control systems of such 
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multi-zone furnaces render this concept only useful for research and develop- 
ment but not for cost-effective production. Thus one important objective of 
the VGF furnace development is to reduce the number of heating zones to 
the necessary lower limit. We have used furnaces with about 10 zones down 
to 3 zones. 

The desired temperature-time profiles of the heaters which result in low 
thermal stress and the corresponding growth rate of 2 to 4 mm/h are obtained 
by optimization strategies with both experiments and computer simulation 
(Sect. 3). Another important hardware item is the furnace control system 
which must operate in a very stable manner. High-precision solutions with 
AT < ±0.1 K were reported [29] and tested in the laboratory of one of the 
authors. 



2.4 Preparation of Starting Materials 
and Procedure of VGF Growth 

The procedure of a typical VGF-growth run including the preparation of the 
starting materials is presented in Fig. 17. The pre-synthesized polycrystalline 
GaAs has to be shaped cylindrically within the diameter of the crucible to 
achieve a high proportion of filling of the crucible volume. The pBN crucible 
can be pre-oxidized to achieve a better wetting of the boric oxide encapsulant. 
The oxidation procedure is optimized to give the best yield in single-crystal 
growth. 




Fig. 17. Important steps of a typical VGF-growth process for the fabrication of 
Si-doped low-EPD GaAs wafers 
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A large cone angle (> 140°) of the crucible is favorable, as this angle 
causes a decreased length of the {111} edge facets in the conical part of 
the crystal [30] and hence a reduced tendency for twinning [31]. The seed 
crystal must fit very precisely into the seeding well to avoid a misorientation 
or wetting by the melt. The Si-doping source is placed into the crucible as a 
piece of solid Si or SiAs together with the feed material. The boric oxide is 
used with a certain content of water as specified by the supplier and placed 
on top of the feed material. The filled crucible is either placed in the silica 
ampoule or in a crucible holder in the furnace. In the hot-wall VGF (Fig. 6b 
in Sect. 2.2) the silica ampoule is evacuated and sealed. 

The growth process starts by carefully heating the assembly close to the 
thermal profile suitable for seeding. The seeding procedure can be supported 
by the aid of thermocouples closely placed to the seed well. After seeding 
the growth mode is started by activating the computer-controlled power or 
temperature-time program for each of the furnace heaters. This program 
runs fully automatically by computer control without any interactions of 
an operator. The growth rate is in the range of 2-4mm/h. When the growth 
mode is finished the program cools the crystal automatically under conditions 
which ensure low thermal stress in the GaAs crystal. All thermal program 
steps can be optimized by means of computer simulation prior to the growth 
run, which is described in detail in Sect. 3. 

After having finished the cooling procedure, the crucible including the 
crystal is dismounted. The crystal can only be removed from the crucible 
after the boric oxide has been dissolved by an organic solvent, e.g. methanol. 
The optimization of this procedure is important for the reuse of the pBN 
crucible. 

The yield of a VGF process strongly depends on the optimization of all 
steps in the VGF procedure. Of special importance are the preparation of the 
crucible and the proper thermal-process conditions which can be optimized 
by applying numerical process modeling as shown in the following section. 

3 Numerical Modeling for VGF-Process Optimization 

It is well acknowledged in semiconductor-crystal growth that the quality of 
the crystals depends strongly on the thermal boundary conditions [32]. This 
holds especially for the growth of low-EPD GaAs substrate crystals by the 
VGF crystal-growth technique. The main advantage of the gradient freeze 
methods is the possibility to establish well-defined temperature distributions 
with relatively small axial and radial temperature gradients (compare Fig. 3). 
These low temperature gradients result in low thermal stress fields which are 
necessary for the growth of low dislocation density GaAs crystals [2] . With the 
complexity of a VGF furnace setup of 10 or more separately controlled heating 
elements, an empirical optimization of a VGF-growth process is a rather time- 
consuming and inefficient procedure. On the other hand such a task can now 
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be performed much better by the aid of numerical process modeling based on 
computer simulation [33]. Applying state-of-the-art computational techniques 
such calculations can be executed even on a personal computer within a few 
hours. 

3.1 Principles and Strategy of the Numerical Modeling 

The numerical modeling of crystal growth like VGF has two important ob- 
jectives. Firstly, it supports the concept and design of a new furnace setup. 
The simulation yields quantitative results on temperature profiles and power 
consumption for a variety of differing details in geometry and materials data. 
The setup can be optimized before taking a piece of hardware in hand. 

Secondly, when the equipment is already to hand, the simulation can be 
used to optimize the growth process itself. It is even possible to predict the 
crystal properties and optimize them, e.g. by a calculation of the thermal 
stress, as will be demonstrated in the following. 

To tackle the task of optimizing the VGF growth of low-EPD GaAs crys- 
tals, the computer software must fulfil the following prerequisites: 

• easy and efficient input of geometric details of the construction by reading 
GAD files 

• treatment of anisotropic material parameters, especially the highly 
anisotropic heat conductivity of the pBN crucible and thermal insulating 
materials 

• calculation of anisotropic thermal stress in the grown crystal 

• calculation of thermal fields by considering radiative and conductive heat 
transfer in complex geometries (convection is less important in the VGF 
growth of GaAs) 

• solving the Stefan problem (calculation of the shape of the growth interface 
under consideration of the latent heat at given growth rate) 

• calculation of heater powers for given temperature conditions (to achieve 
low thermal stress in the growing crystals) by the so-called inverse model- 
ing [34]. 

To the authors’ knowledge the only commercially available computer 
program which presently fulfills all of these criteria is the software system 
GrysVUN-|--l-, which was developed at the Grystal Growth Laboratory in 
Erlangen for the needs of VGF modeling. 

GrysVUN-l— I- uses an unstructured grid and the finite-volume method for 
solving the set of coupled differential equations with given boundary condi- 
tions (for detailed explanations the reader is referred to [35]). The numerical 
simulation with GrysVUN-|— I- is based on a so-called ‘global heat-transfer 
model’. This means that the calculations include all details of the growth 
configuration like crystal, melt, crucible, heaters, insulation and the water- 
cooled pressure vessel. The important items of the software system are given 
in Fig. 18. 
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Fig. 18. Setup of the computer code CrysVUN-|--|- [36]. CAD-DXF file means a 
Computer Aided Design drawing e.g. in the popular DXF format 



After reading the geometry of the equipment (CAD file) the numerical 
grid is generated automatically even for complex geometries. Figure 19 (left- 
hand side) shows an example of such a numerical grid consisting of triangles. 
This grid is called ‘unstructured’ as the number of grid elements (triangles) 
surrounding a certain node is variable (in contrast to ‘structured’ grids). 
In regions of special interest, i.e. the crucible containing the semiconductor 
material, the grid can be refined without additional effort. The computer 
program can only treat axisymmetric geometries (so-called 2D model) which 
means that nonaxisymmetric parts have to be replaced by corresponding 
axisymmetric ones. Furthermore, the program considers heat conduction and 
radiation, but no fluid convection is taken into account. It has been shown 
that convective heat transfer in the VGF growth of GaAs is negligible, be- 
cause of the relatively low gas pressure (up to 3 atm) and the high thermal 
conductivity of the GaAs melt [37]. Radiative heat exchange is implemented 
by the well-established view-factor method (for details see [38]) considering 
multiple reflections as diffuse gray-body radiation with emissivity 0 < e < 1. 
The assignment of material parameters is facilitated by a user-defined mate- 
rials data base. 

In the calculation mode of the code we have two options: if the power 
densities of the heaters are given, the program calculates temperatures in all 
parts of the growth setup as a unique solution. This is mathematically called 
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Fig. 19. Numerical grid 
(left) for the setup shown 
on the right-hand side 
with all relevant parts 
for the growth of 2 in 
and 3 in GaAs single crys- 
tals by the vertical gradi- 
ent freeze method. In the 
crystal - where stress has 
to be calculated - and in 
the heaters, a finer grid is 
used [39] 



the ‘normal’ problem. However, usually of much higher interest in crystal 
growth is the adjustment of the heater power to achieve a desired tempera- 
ture distribution. Thus, due to the objective of optimizing the growth process, 
the temperature field in the growing crystal has to fulfill several constraints, 
e.g. position and shape of the solid/melt interface or a certain temperature 
difference between seed and top of the melt. From the mathematical point 
of view it is much more difficult to solve this problem, which is called ‘in- 
verse modeling’ or an ‘inverse problem’. The program system CrysVUN-l— I- 
contains a computation mode which allows us to calculate the set of heater 
powers in order to fulfill given thermal conditions in the crystal and melt with 
a minimum of deviation. The algorithm for this mathematical procedure is 
described elsewhere [33]. Its use for the VGF setup of Fig. 19 is demonstrated 
in Sect. 3.3. The analysis of thermoelastic stress in the crystal is important 
for predicting the quality of the grown GaAs crystal. A very useful scalar 
for the discussion of stress in solid bodies, especially for crystal growth, is 
the von-Mises stress CTvm, which is computed from distinct components of the 
stress tensor aij in cylindrical co-ordinates by 






( 3 ) 
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The software CrysVUN-|--l- determines the components of the stress tensor 
aij from the calculated temperature field. The stress is visualized in 
colored graphics and/or isolines of equal von-Mises stress. Further details 
and examples will be given in the next sections. 

Even with the availability of good computer software it is necessary to 
develop a strategy to optimize the process model for a given task. For that 
purpose we use a concept which is illustrated in Fig. 20. In the first verification 
step the model is used to simulate an experimental setup where the crystal 
and melt are replaced by a solid graphite body (dummy) which contains 
sensors for temperature measurements. This step allows for an improvement 




Fig. 20. Strategy of numerical process modeling: the starting point is the set of 
physical equations that determine the process to be simulated. After the first tests 
the model can be applied to improve crystal-growth processes as long as the phys- 
ical model remains true and the discretization is well-suited to reflect its relevant 
properties on the computer 
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of the numerical model. After a second step the verification gives confidence 
for the computer simulation of the real VGF crystal-growth process. 

In the following sections we will demonstrate how the numerical modeling 
was used to optimize VGF GaAs growth and VGF crystal-growth processes 
for GaAs. 

3.2 Optimization of VGF-Growth Equipment 

We have used the numerical model to develop VGF-growth equipment for 
GaAs crystals from diameters of 2 in up to 4 in. The Sin setup was up-scaled 
from an earlier 2 in process [16]. The 4 in equipment is based on a totally 
new design mainly constructed from the results of numerical simulation [40] . 
The process model was used e.g. to analyse the effects of various insulating 
materials in order to estimate the required heater powers and to determine 
the geometry, i.e. the relative dimensions and positions of all important parts 
(heaters, crucibles, insulation, etc.). 

In the following it is demonstrated by one example how a certain part of 
the furnace can be optimized by numerical modeling. We examine the region 
of the transition of the crystal shape from the conical to the cylindrical part. 
It is known that the thermal stress is strongly increased in this part of the 
crystal as the heat flux from the melt is redirected into the narrow seed 
channel. 

One way to improve this situation may be the application of a certain 
material in the cone and channel region. If this issue were to be solved ex- 
perimentally, the procedure would be very time consuming. Performing a 
real experiment would mean to select and to provide a specific material, to 
decide on its shaping, to install it in the furnace and to carry out growth 
runs. In the ‘numerical experiment’ one simply has to plot a block of space 
around the cone in the construction mode, assign an appropriate material 
to the new geometrical feature in the material mode and redo the calcula- 
tion in the calculation mode. Figure 21 shows the results of such calculations 
where the influence of different kinds of material of the crucible support was 
studied by assigning four different thermal conductivities to the block of the 
material around the cone and the seed channel. The results for the von-Mises 
stress shown in Fig. 21 clearly demonstrate how efficiently the setup can be 
improved by computer simulation. 

3.3 Optimization of Growth Runs by Inverse Modeling 

One major disadvantage of VGF is that the semiconductor material is en- 
closed by the (nontransparent) crucible. As a result, the growth process can- 
not be directly observed. Furthermore, the temperature distribution in the 
crystal cannot be measured during growth. This is why numerical simulation 
is a powerful tool to analyse the crystal-growth process. The temperature 
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Fig. 21. Calculated distribution of thermal stress CTvm (lines of equal von-Mises 
stress) in the conical part of the GaAs crystal for a VGF setup with different mate- 
rials a-d (thermal conductivity) for the crucible support; Umax is marked and has 
absolute values 3.57 MPa (a), 2.39 MPa (b), 1.89 MPa (c), 1.72 MPa (d), respec- 
tively. The distance between the lines of equal von-Mises stress is 0.32 MPa (a), 
0.22 MPa (b), 0.17 MPa (c), 0.16 MPa (d), respectively 



profile at each time step of the growth process which determines the move- 
ment of the solid-liquid interface and hence the thermal stress in the crystal, 
represents one of the most important sets of parameters to be controlled 
during the whole VGF process. 

In this section we want to demonstrate that the inverse modeling can be 
used very well for finding an optimized thermal process for the VGF growth 
of GaAs crystals with the setup shown in Fig. 19. We use our numerical soft- 
ware system with the inverse modeling algorithm to maintain the controlling 
conditions during the VGF-growth run. The applied temperature conditions 
are given in Fig. 22 as follows: The position of the solid-liquid interface is fixed 
in the center of the crucible at a certain height by the condition -)?i = 1511 K. 
The condition of a fixed temperature gradient 2 K /cm in the melt in order to 
avoid instabilities of the interface is achieved by i?2 = "f?! + 2 K with an axial 
distance of 1cm above the interface. The condition of a planar crystal-melt 
interface is simulated by setting the temperature 1^3 = = 1511 K in a 

mesh point at the same height but on the periphery. Furthermore, we choose 
a condition to prevent the overheating of the GaAs melt. For that purpose we 
use a temperature condition z?4 in the axial position at the top of the melt. 
We want to avoid that the temperature T at the top exceeds 1526 K, that is 
15 K above the melting temperature of GaAs in order to avoid a great loss 
of arsenic. This condition is defined by 1^4 = -I- min{2K/cm di4,15K}, 

where c?i4 denotes the distance between the two controlling nodes for -di and 
i?4. This condition means that for small distances du the melt overheating 
fits the thermal gradient fixed by and ■^2, while for larger distances the 
melt overheating does not exceed 15 K. 

The strategy of ‘shifting’ the control vertices through the crucible gives 
the heating power in the 8 heaters for each simulated position of the interface. 
This distribution of heating power is shown in Fig. 23. The symbols are the 
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Fig. 22. Controlling conditions (fixed temperatures 
— i? 4 ) for an optimized VGF-growth process of 
GaAs in the setup in Fig. 21. For details see text 



calculated results. In the growth experiment the interpolated lines are used as 
time-dependent heater powers. In the simulation of the seeding and the final 
state, the growth velocity was set to Ugrowth = 0. In all other states Ugrowth = 
2.5mm/h was applied. So the liberation of latent heat is taken into account 
in the quasi-steady-state approximation. 

The calculations were performed with CrysVUN-|--l- on a mesh with 
5427 nodes covering the whole VGF setup. One solution of the inverse prob- 
lem took less than three hours on a Pentium Pro 200 machine with 128 MB 
of RAM. Thus the whole simulation time was less than 50 h. 

For a discussion of the results we will extract the temperature distribu- 
tions in the GaAs (crystal and melt) which are obtained as a part of the 
inverse-modeling procedure (compare [33]). These temperature distributions 
are in fact identical to the results of a direct modeling with the heater pow- 
ers of Fig. 23 as input data for a simulation of the VGF process. The direct 
simulation corresponds to a real crystal-growth experiment where the heater 
powers are given as input data. 

First we extract the axial temperature profile along the center of the 
crucible from the calculated global temperature field. The result is plotted in 
Fig. 24 for the corresponding 15 investigated time steps of the growth run. 
These time steps correspond to certain equidistant positions of the growth 
interface on the axis of the crucible as the growth rate r^growth = 2.5mm/h 
is constant. The different graphs represent the growth states which belong 
to the corresponding set of the heater powers P\ — P% of the eight heaters 
Hi — Hg (Fig. 19), represented in Fig. 23 by one set of the 8 symbols for 
one fixed position of the solid-liquid interface at the furnace axis. Only for 
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Fig. 23. Calculated heating powers Pi — Ps of the heaters Hi — Hs for 15 differ- 
ent positions of the growth interface under the conditions defined in Fig. 22. The 
controlling vertices were shifted by 1 cm per calculation. The resulting powers are 
plotted versus the position of the solid-liquid interface 



the position of the seeding (z = 0.665 m) and for the tail end of the crystal 
{z = 0.795 m) we have set the growth velocity to Ugrowth = Omm/h. 

One can clearly recognize the kink of the temperature profile at the posi- 
tion of the crystal-melt interface Tmeit = 1511 K. The break of the slopes in 
the axial profiles on the interface corresponds to the Stefan condition 
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where A denotes the different heat conductivities in the solid and the liquid 
whereas dT/dz are the axial temperature gradients on the interface; g stands 
for the density and I is the latent heat. 

The curve for the crystal tail end (z = 0.795 m) shows the end of the 
growth mode where we want to reduce the temperature gradients in the 
as-grown crystal to reduce the thermal stress during a following cooling pro- 
cedure. 

The results show clearly that important requirements for a good VGF 
process are fulfilled: 



• The axial temperature gradients dT /dz are nearly constant in the crystal 
in the region of the growth interface, which should provide conditions of 
low thermal stress (see later, Fig. 27). 
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Fig. 24. Calculated axial temperature profiles in the center of the autoclave for dif- 
ferent growth states, i.e. positions of the solid-liquid interface. The legend shows the 
positions of the interface at the crucible axis. The growth velocity is u = 2.5mm/h, 
except for the seeding (position « = 0.665 m) and the end of the growth (position 
2 = 0.795 m) where v = Omm/h is applied. At the melting temperature of 1511 K 
we observe a kink in the temperature profile due to the different heat conductivities 
A in the solid and liquid phases and due to the liberation of latent heat 



• The temperature in the GaAs melt does not exceed the given limit of 
T < 1526 K. 

Next, we analyse the shapes of the crystal-melt interfaces. They are plot- 
ted in Fig. 25 again for the different time steps considered corresponding to 
the set of heating powers depicted in Fig. 23. 

Most of them have a planar shape, but deviations in the vicinity of the 
periphery of the crystal become apparent. This deviation can be explained 
by the strongly anisotropic conductivity A of the pBN crucible 

A{|®^ = 62.7 W/mK, 

A>f^ = 2.0 W/mK, 

Af,^^ = 7.1 W/mK, 

= 17.8 W/mK. 

This bad fitting of heat conductivities of pBN and GaAs always causes a 
strong bending of the heat flux in the vicinity of the crucible wall and hence 
a locally concave bending of the interface. This can clearly be seen from the 
enlarged temperature profile of this region depicted in Fig. 26. The strong 
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Fig. 25. Shapes of the solid-liquid interface for var- 
ious positions during crystal growth calculated with 
the heating powers shown in Fig. 23 




Fig. 26. Enlarged temperature profile around the solid-liquid interface and the 
crucible, for the position 2 : = 0.755 m of the interface. The isotherms differ by 
uAT = 2K 



convex bowing of the solid-liquid interface at the tail end of the crystal (top 
of Fig. 25) can be explained by the fact that the top portion of the melt is 
heated from the side by the top heaters (Hi — H 3 ). 

These deviations from the controlling conditions which we have prescribed 
by the temperature condition (compare Fig. 22) show that the 
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calculation cannot fulfill physically unreasonable conditions. But it gives a 
physically possible solution that comes closest to it - in the meaning of a 
minimum criterion (for details, see [33]). 

Nevertheless one can demonstrate with a calculation of the thermal stress 
in the GaAs crystal during the VGF-growth run that the inverse modeling 
provides optimized process conditions. In Fig. 27 we show the distribution of 
the thermal stress in terms of the von-Mises criterion avm (see Sect. 3.1), for 
three different growth stages. The values of cTvm = 1.2 MPa are the best ones 
that have been achieved after lots of calculations and empirical optimizations. 
Especially the value of (Tvm = 0.8 MPa for the solid-liquid interface in the 
conical region {z = 0.705 m) is quite remarkable. 

Now we will demonstrate by two examples of crystal growth how such 
kinds of process optimizations can reduce the dislocation density of 3 in GaAs 
crystals considerably and improve VGF process efficiency (reduction of pro- 
cess time). In Table 4 the mean Etch-Pit Density (EPD) of investigated wafers 
cut at two positions of three VGF-grown crystals are shown. A reduction of 
the etch-pit densities by an order of magnitude was achieved by optimizing 
the thermal process. 






Fig. 27. Lines of equal von-Mises stress in MPa for three representative growth 
stages with the interface at the axial positions of 0.705 m (a), 0.775m (b) and 
0.795 m (c), respectively. See also Fig. 25 corresponding to the calculated temper- 
ature distributions of Fig. 24 



GaAs Substrates for High-Power Diode Lasers 



153 



Table 4. Reduction of EPDs in VGF growth of 3 in GaAs crystals by means of 
numerical process simulation 

Before optimization After optimization 
Crystal 1 Crystal 2 Crystal 3 

Seed end 2400 2000 570 

Tail 4200 430 240 



In Fig. 28 we compare for demonstration the EPDs of two wafers grown 
in the same VGF furnace but with two different thermal processes before and 
after optimization (for more details on the dislocation density see Sect. 4.3). 

The computer modeling can also be used successfully to achieve a constant 
growth rate at a desired value of e.g. 2.5mm/h. In this case the validity of 
the computer calculations was cross-checked by a special growth experiment 
using interface marking by controlled crucible rotation at certain intervals 
during the VGF-growth run. To detect this marking the grown crystal was 
sliced along the growth axis. Figure 29 shows near-infrared transmission to- 
pographs of longitudinally cut (llO)-oriented wafers of one half of this crystal. 
The measured rotational striations are visualized by dashed lines. For com- 
parison, the calculated interface shapes and positions are depicted by solid 
lines. As can be seen, the bending of the striations corresponds very well to 
the calculated shapes of the solid-liquid interfaces at equal axial positions. A 
nearly flat interface in the crystal center and a slightly concave one at the rim 
were achieved. This bending is caused by the thermal conductivity behavior 
of the pBN crucible. 

The axial positions of the interface for equal temperature profiles at the 
heaters differ prominently, especially in the seed and conical regions: the 
simulated position ‘1’ (solid line 1) is still in the seed well, whereas the ex- 
perimentally observed corresponding position ‘1’ (dashed line 1) is in the 




EPD = 2400 cm-2 EPD = 570 cm-2 



Fig. 28. KOH etched {001} wafers of VGF-grown 3 in GaAs crystals and aver- 
aged Etch-Pit Densities (EPD) obtained before (a) and after (b) optimization by 
numerical modeling 
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Fig. 29. Infrared-transmission to- 
pographs of longitudinally cut, (110)- 
oriented wafers of one half of a 3 in GaAs 
crystal with induced rotational stria- 
tions, numbered 1 to 9 {dashed lines). 
For comparison, the corresponding 
calculated solid-liquid interface shapes 
{solid lines) for the same temperatures 
at the furnace heaters are also given 
(numbered 1 to 9, respectively) 



cone. The difference between these simulated and experimental solid-liquid 
interface positions is about 2 cm. For interface position ‘2’, the difference 
is about 1.5 cm. This difference decreases systematically and disappears be- 
tween positions 5 and 6. At the seed end the positions differ again slightly 
but in the opposite direction. The comparison between calculated and ex- 
perimentally observed solid-liquid interface positions (taken at the crystal 
center) is given in Fig. 30. It is remarkable that, in spite of the slight dif- 
ferences to the numerical results especially in the seed and cone regions, a 
constant growth rate of 1.8mm/h is achieved in the experiment, which is 
somewhat smaller than the calculated one (2.5mm/h). The correspondence 
of the growth speed predicted by the numerical model and the experimental 
growth rate is not perfect. However, the simulations yield reliable results for 
the expected thermal stress in the GaAs crystal and enable the crystal grower 
to make considerable progress towards improving the quality of the crystals, 
especially by significantly reducing the dislocation density of the wafers as 
desired for epitaxial applications. 

4 Crystal and Wafer Properties 

The GaAs crystals (Fig. 31), which were grown by a VGF process as de- 
scribed in the previous Sects. 2 and 3, were cut and polished at Freiberger 
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Fig. 30. Simulated and measured axial positions of the solid-liquid interface during 
growth of a 3 in Si-doped GaAs crystal by the VGF technique in an 8-zone furnace. 
The growth rates v are evaluated from the constant slopes 




Fig. 31. Typical VGF-grown Si-doped 
GaAs crystals with diameters of 3 in 
(3.1kg) and 2 in (1kg), EPD < 500 cm“^ 



Compound Materials (FCM). The watering technology had to be especially 
optimized for the Si-doped low-EPD VGF material which behaves differently 
from undoped semi-insulating LEC-grown GaAs. Furthermore, the surface 
properties of the wafers had to be adjusted to the requirements of epitax- 
ial processing technologies for high-power diode-lasers. A special ‘epi-ready’ 
surface finish was developed, so far for wafers with 2 in diameter. 
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4.1 Wafering 

Important properties of the wafers are compiled in the list of specifications 
(given in Table 5) which is presently in use as a standard for 2 in wafers. The 
use of substrates with Sin wafers for diode-laser fabrication is presently in- 
troduced; the corresponding list of standard specifications will be elaborated 
in the near future. 



Table 5. Specifications for 2 in GaAs substrates to be used for epitaxial processing 
of diode-lasers 



Dopant/Conduction Type 
Carrier concentration 
EPD 

Surface orientation 

Thickness 

Diameter 

Flats 

Primary fiat 
Flat length 
Secondary flat 

Flat length 
Surface finish 

Warp 

TTV 

Packaging 

Remarks 



Si/n-Type 

(0.8-2.0)10^Vcm® 

< 500/cm^ (guaranteed area > 85%) 
(100) ±0.5° or 

(100)2° FO < 101 >, a = 135° 

375 pm ± 20 pm 

50.8 mm ± 0.3 mm 

according to SEMI standard M 9.3-89 
(OTT) ± 0.5° 

15.9 mm ± 1.6 mm 
(OTl) ±5° (90° clockwise 
from primary flat) 

8.0 mm ± 1.6 mm 

front side: polished, epi-ready 

back side: as cut/etched 

< 10 pm 

< 8p,m 

individual fluoroware container 
wafer free of any mechanical stress 
and subsurface damage 



Important crystal and wafer properties like doping, uniformity and dislo- 
cation density will be discussed in the following sections. 

4.2 Electrical Characterization and Silicon Doping 

The wafers are electrically characterized by measuring the Hall effect and 
the resistivity according to the van-der-Pauw method. The Si concentration is 
determined by Secondary Ion Mass Spectroscopy (SIMS) , Atomic Absorption 
Spectroscopy (AAS) and Glow Discharge Mass Spectrometry (GDMS). The 
specified resistivity or carrier concentration is determined by averaging the 
data across the wafers. These data can slightly differ from the local data 
due to the segregation coefficient of Si and the curved solid-liquid interface 
(Sect. 2). Typical results are shown in Fig. 32. 

The electron mobility versus the carrier concentration of various Si-doped 
GaAs VGF crystals at room temperature is plotted in Fig. 33. The solid 
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Fig. 32. Resistivity (a) and carrier-concentration (b) data detected by averaging 
across various wafers measured by the wafer manufacturer in comparison with data 
as specified by the crystal grower; delta means the difference 



lines represent the theoretical mobilities for various compensation ratios 0 = 
Na/N^ according to [41], with and being the concentrations of 
ionized acceptors and donors. Si is an amphoteric impurity in GaAs and can 
substitute an As (SiAs) as well as a Ga (Sioa) atom. SIas forms a shallow 
acceptor level with an activation energy Ea = 25 meV and Sioa a shallow 
donor level with Ed = 5 meV [42] . 

According to the literature [43,44] only 10-20% of the Si should be incor- 
porated on As sites. This would lead to a compensation ratio of 6* < 0.25. 
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Fig. 33. Electron mobility and carrier concentration of various Si-doped GaAs VGF 
crystals at room temperature. The solid lines represent the theoretical mobilities 
for various compensation ratios 0 = /N^ according to [41] 



Figure 33 shows, however, that 0.35 < 0 < 0.5 is found for n > 2 x 
1017 cm“^. This can only be explained if we assume that one or more ad- 
ditional acceptors exist in addition to SiAs- Possible candidates could be Si 
complexes [45,46,47,48] and intrinsic anti-sites GaAs [49,50]. 

Comparing these results on VGF material with Horizontal Bridgman 
(HB) and Liquid-Encapsulated Czochralski (LEG) grown material yields the 
following: The boric oxide-free HB technique with As-vapor source provides 
material with the lowest 0 = 0.35 [51]. VCZ-grown crystals reveal high mo- 
bilities and also a low compensation ratio 0 = 0.4 [52]. If a Si02 crucible is 
used [45] in the VGF technique instead of boron nitride (pBN) the electron 
mobility is strongly reduced and 0.5 < 0 < 0.6 results. This is attributed to a 
more Ga-rich melt composition providing higher concentration of arsenic va- 
cancies Vas- This effect can be reduced by incorporating an As-vapor source 
(Sect. 2). 

In Fig. 34 it is shown that the electron concentration is about 0.63 times 
the Si concentration for both VGZ and VGF crystals grown from pBN cru- 
cibles, whereas Si02 crucibles give n = 0.43 [Si] for n < 6 x 10^®cm“^. 
This means that about 60% of Si is incorporated as donor (Sica), 10-20% as 
acceptor (SIas) and the rest presumably as defect complexes. 

4.3 Optical Characterization by Infrared 
and Photoluminescence Mapping 

The homogeneity of the wafers is characterized by PhotoLuminescence (PL) 
topography at a near-band-gap wavelength. The PL intensity gives quali- 
tative results on the nonuniformity of the Si doping, eventually caused by 
striations or by an asymmetry of the solid-liquid phase boundary and defect 
structures like dislocations and precipitations which are close to the wafer 
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Si concentration (10'“ cm “) 



Fig. 34. Electron concentration n versus chemically determined (SIMS) Si concen- 
tration [Si] of GaAs crystals grown by VGF and VCZ for ratios n/[Si|; the dashed 
line n = [Si] 



surface. PL topograms can be obtained routinely by automated commercial 
equipment within a short time. Figure 35 shows a typical example with radial 
nonuniformity and increased PL intensity in the areas of increased dislocation 
density. 

A quantitative evaluation of the PL intensity, however, with respect to 
electron concentration. Si concentration or dislocation density is not possi- 
ble. Nevertheless the PL mapping is a fast nondestructive characterization 
method which is very useful, e.g., to evaluate the distribution of dislocations, 
as demonstrated in Fig. 36. 

A quantitative analysis of the carrier distribution, i.e. Si distribution, is 
possible by infrared-transmission topography. In this method the IR absorp- 
tion by the conduction electrons can be calibrated and used to show doping 
nonuniformity ]24j. Results obtained by this method are exemplified in Sect. 2 
(Fig. 10). 

4.4 Residual Dislocations 

4.4.1 Distribution of Dislocations Across Wafers 

The residual dislocations of VGF-grown wafers can be characterized by wet 
chemical etching, which results in etch pits indicating the outcrop of disloca- 
tions on the wafer surface, by infrared microscopy and by X-ray topography. 
The first method is the standard technique for characterizing the quality 
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Fig. 35. Photoluminescence topogram of a 2 in GaAsiSi wafer with striations and 
increased PL intensity in the region of increased dislocation density 




Fig. 36. PL mapping (a) in comparison with the distribution of the EPD (b) on 
the same wafer (2 in Si-doped VGF crystal from the seed end) 



of wafers. For example GaAs LEG wafers are characterized by the ASTM 
F 1404-92 procedure which followed the earlier DIN 50454 standard of the 
year 1991. Both standards, however, are only useful for a uniform EPD > 
lOOOOcm”^ which is not the case in VGF wafers. Recently a revised stan- 
dard (DIN 50454-1) was defined which considers the situation with low-EPD 
wafers. 

In general the following procedure is used. The polished wafer surface is 
etched by dipping into a KOH melt at 400° G for 4 to lOmin . This etching 
creates pits with a diameter of about 70 pm around each dislocation line 
which penetrates the wafer surface. With the standard evaluation (like DIN 
50454-1) the EPD is counted by using a representative spot checking on the 
wafer (see Fig. 37) and averaging the resulting EPD. The precision of this 
method increases with increasing ratio of characterized area to total area 
and dislocation density. For example, to achieve a precision of 10% by using 
testing areas around 1 mm^ it is necessary to count on 25% of the wafer 
surface for an EPD < 1000 cm“^ and on only 10% of the wafer surface for an 
EPD > 1000 cm“^. 
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Fig. 37. Two examples of representative areas for the evaluation of the dislocation 
density; DIN 50454-1 (a) and a more precise method proposed by Amon [16] (b) 



The optimum is, however, to count all etch pits, which is possible by 
an automated system developed at Freiberger Compound Materials. In this 
technique the wafer is illuminated in such a way that only one crystallographic 
plane of the etch pit reflects the light. This avoids the problem that any 
shallow pits or clusters give disturbing signals. The reflecting pits with their 
coordinates are detected by automated image analysis (Fig. 38). 

Now the density and distribution of the dislocations can be evaluated by 
numerical programs, even for nonuniform distributions and very low disloca- 
tion densities (see e.g. Fig. 39). 




Fig. 38. Image of illuminated etch pits on a GaAs wafer by microscopy (left) and 
representation of the coordinates of the etch pits after image processing (right) 
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Fig. 39. Photograph of the etch pits on the illuminated wafer crystal (a), topogram 
of the etch pits (b) and frequency curve (c) of the EPD classes of the same wafer 
from a Sin 'VGF crystal 



4.4.2 Types of Residual Dislocations in VGF-Grown GaAs 

It is known from the literature that Si doping can be used in LEG and 
Horizontal Gradient Freeze (HGF) growth to reduce the dislocation density 
by a lattice-hardening effect (Fig. 40). The VGF-grown crystals, however, 
show independently from the Si-doping level a low EPD (< 500 cm“^) for the 
range 5 x 10^® cm“^ < n <2x 10^® cm“®. Obviously the thermal stress in an 
optimized VGF process is so small (Sect. 3) that the crystals can be grown 
with a small EPD without the necessity of lattice-hardening. The residual 
dislocations in VGF-grown GaAs are eventually not caused by multiplication 
according to the Haasen- Alexander model [53]. 

We have tried to analyse the character of these residual dislocations by 
the aid of DSL etching [56,57] and infrared microscopy. Furthermore, X-ray 
topography with synchrotron radiation (SRWBT) was carried out for several 
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Fig. 40. Dislocation density (EPD) versus electron concentration of Si-doped GaAs 
(2 in) grown by HGF [54], by LEG [55] and by VGF [16] 



crystal sections. By this method we could identify [-58] three different types 
of straight dislocations which can be distinguished according to their line 
vector I and their Burgers vector b (see textbooks on X-ray topography, 
e.g. [59]), and a fourth type with a more wavy shape: 

type (1): These dislocations have a line vector I which is nearly exactly par- 
allel to the [001] growth direction. They predominantly occur in 
the center of the crystal. The type (1) is depicted in Fig. 41a at the 
left-hand side. This type is invisible for diffraction vector h parallel 
to I (004-reffection, Fig. 41). Consequently, the Burgers vector is 
perpendicular to I lying in the (001) plane. From that it can be 
concluded that type (1) is an edge dislocation. It was shown by 
near-infrared transmission microscopy that these dislocations can 
have a Burgers vector of <110> (more likely) or <100> type, which 
is consistent with the observed invisibility for h parallel to 1. 
type (2): This type consists of dislocations of the cross-shaped arrangement 
which is visible in Fig. 42. These dislocations appear on {001} 
wafers in [100] directions. The Burgers vector has not been de- 
termined but it can be shown by near-infrared transmission mi- 
croscopy that these dislocations have a line vector which is only 
slightly tilted (6°-10°) against the [001] growth direction, 
type (3): This type is also observed on (110) wafers (Fig. 41a,b) having line 
vectors I = [112] and [112]. For h parallel to I (in the 224 or the 224 
reflections, respectively) the dislocations are invisible (Fig. 41c). 
Therefore, this type is an edge dislocation as well, having a Burgers 
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Fig. 41. White-beam topographs of a (llO)-oriented wafer (thickness t — 1.65 mm), 
cut parallel to the growth direction of the conical region of a VGF-grown crystal 
(see sketch on the lower-right side) for different diffraction vectors h. (a) [220] 
reflection, A « 0.27 A(F « 45keV), fit « 2.3 (b) 004 reflection, A « 0.19 A(F « 
65keV), fit ~ 0.9 (c) [224] reflection, A « 0.22 A(iJ « 56keV), fit « 1.3. The dark 
line denoted by ‘R’ in this image is caused by the crystal rim of an overlapping 
topograph. 



vector of the <110> type. It originates at the rim of the crystal in 
the conical region at {111} facets. 

type (4): A wavy network of dislocations was found which does not vanish for 
the used orientations of the diffraction vector h (symmetrical Lane 
cases) which can be seen for example in Fig. 43 in the VGF-grown 
crystal. 

Another type of dislocation network, which we could not specify up to 
now, can be observed in the center of Fig. 41b: three frayed lines from the 
bottom to the top of the topograph. 

The mean EPD of {OOlj-oriented wafers with 2 in diameter is found to 
depend on the length of the crystal portion which is grown in the seed well 
as illustrated by Fig. 42. Using a ‘long’ seed well (Fig. 42a) extremely low 
dislocation densities can be achieved. It is concluded that dislocations are 
suppressed in the small-diameter seed well in an effective way by growing 
out to the rim of the crystal. This argument does not hold for dislocations 
of type (1), because these dislocations grow nearly exactly in the growth 
direction. The observed cross-shaped arrangement of dislocations of type (2) 
can be suppressed by using a long seed well. As type (2) has a line vector 
which is slightly tilted against the [001] growth direction (by 6° to 10°) it also 
grows out to the rim of the crystal. Using a short seed well, these dislocations 
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'Shofi' seed well ^ 




EPD=40(KK)cm ■- 

Fig. 42. KOH-etched {001} wafers cut perpendicular to the growth direction of 
VGF-grown crystals and corresponding EPDs for different positions of the seeding 
interface in the seed well: (a) ‘long’ seed well and (b) ‘short’ seed well 





VGK 

crystal 



Seeding 



interface 

l-FC 

seed 

I mm 



Fig. 43. White-beam topograph of a 
(llO)-oriented section cut parallel to the 
growth direction intersecting the seed- 
ing interface of a VGF-grown crystal. 
Wafer thickness t = 0.55 mm, 220 reflec- 
tion, wavelength A « 0.2SA(energy E « 
55keV), ~ 1.4 (/r-linear absorption co- 

efficient) 



166 Georg Muller et al. 




EPD = 350 cm-2 

Fig. 44. Different types of dislocations in a 2 in VGF wafer (for the nomenclature 
see Fig. 35 and text) 




Fig. 45. KOH-etched wafer of a VGF-grown 4 in 
GaAs crystal with an averaged EPD of 138 cm 



still appear on {001} wafers (insert in Fig. 42b). Therefore, it is concluded 
that these dislocations originate from the LEC-grown seed crystal, which was 
used in these growth experiments. 

From the investigation of different crystals with 2 in diameter and dislo- 
cation densities between 50cm“^ and 1000 cm“^ we can state the following 
(Fig. 44): for mean etch-pit densities of less than 200 cm“^ we found type (1) 
and type (2) to be dominant. For an increasing dislocation density, type (4) 
becomes more and more important because the absolute number of type (1) 
and (2) dislocations is nearly constant. Consequently, its relative contribution 
becomes smaller with increasing EPD. Type (4) dislocations are believed to 
be correlated to the thermal stress occurring during the crystal-growth pro- 
cess, because their formation can largely be avoided by minimizing thermal 
stress by the aid of numerical simulations (Sect. 3). 

Finally it was even possible to grow GaAs crystals with a diameter of 4 in 
with very low EPD by using optimized VGF processing conditions (Fig. 45). 

5 Conclusion 

Numerical simulation is a valuable tool to develop and optimize crystal- 
growth equipment and a process like the vertical gradient freeze process for 
GaAs. It can be used to decrease the thermal stress during growth and hence 
the dislocation density to very low values. This allows the industrial produc- 
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tion of low-EPD GaAs wafers, which is the prerequisite for a fabrication of 
high-power diode-lasers with a long lifetime. 

The VGF processing itself provides an efficient and reproducible growth 
technique with relatively low investment for equipment. The potential of 
the VGF technique with respect to crystal diameter, length, uniformity and 
electronic properties, however, is far from being exhausted. 
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List of Symbols 

c Goncentration 

n Garrier concentration in a crystal or melt 

T Temperature 

Tm Melting temperature 

PGaAs,T As partial pressure of a GaAs melt at temperature T 
m Mass of solid As 

V Free volume of an ampoule 

r Mean number of As atoms of the dominating As molecules 

M Molecular weight of As 

Tav Mean temperature of the relevant free volume of 



9 

Cs 

Cl 

Co 



Sica 

SIas 

k 

^B/Si 

Oc 

d 



the ampoule during growth 

Solidified fraction of a GaAs ingot 

Dopant concentration in solid GaAs 

Dopant concentration in liquid GaAs 

Starting concentration of a dopant in the GaAs melt 

Si atom on a Ga site in the GaAs lattice 

Si atom on an As site in the GaAs lattice 

Segregation coefficient 

Reaction constant 

Garbon activity in the chemical system 

von-Mises stress 

Temperature 
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(Tij Stress tensor 

& Compensation ratio of carriers 

P Heater power 

Vgrowth Growth rate of a crystal 
A Heat conductivity 

g Density 

conductivity of pBN parallel to its surface 

conductivity of pBN perpendicular to its surface 
I Line vector of a dislocation 

b Burgers vector of a dislocation 

h X-ray diffraction vector 

fj, Absorption coefficient of X-rays 

t Thickness of a wafer 

A wavelength of X-rays 

N'^ Concentration of ionized acceptors 

Concentration of ionized donors 
Ea Ionization energy of acceptors 

Ed Ionization energy of donors 

Vas Vacancy on an As site in the GaAs lattice 



List of Acronyms 


EPD 


Etch-Pit Density 


VB 


Vertical Bridgman 


VGF 


Vertical Gradient Freeze 


CrysVUN-l— 1- 


Crystal Growth Simulation by the Finite- Volume Technique 
on Unstructured Grids 


LEC 


Liquid-Encapsulated Czochralski 


VLEC 


Vapor-Pressure-Controlled Czochralski 


vcz 


Vapor-Pressure-Controlled Czochralski 


HWCZ 


Hot- Wall Czochralski 


MLEC 


Magnetic LEG 


RE 


Radio Frequency 


HB 


Horizontal Bridgman 


HGF 


Horizontal Gradient Freeze 


pBN 


Pyrolytic Boron Nitride 


FE-VB 


Fully Encapsulated Vertical Bridgman 


CAD 


Computer-Aided Design 


DXF 


Drawing Exchange Format 


SEMI 


Semiconductor Equipment and Materials International 


SIMS 


Secondary Ion Mass Spectroscopy 


AAS 


Atomic Absorption Spectroscopy 


GDMS 


Glow Discharge Mass Spectroscopy 
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ASTM 


American Society for Testing and Materials 


SRWBT 


Synchrotron Radiation White-Beam Topography 


MB 


MegaByte 


RAM 


Random access memory 


PL 


Photo luminescence 


IR 


Infrared 
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Abstract. This review presents the basic ideas and some examples of the chip 
technology of high-power diode lasers (A = 650 nm — 1060 nm) in connection with 
the achievements of mounted single-stripe emitters in recent years. 

In the first section the optimization of the epitaxial layer structure for a low facet 
load and high conversion efficiency is discussed. The so-called broadened waveguide 
Large Optical Gavity (LOG) concept is described and also some advantages and 
disadvantages of Al-free material. The next section deals with the processing steps 
of epitaxial wafers to make single emitters and bars. Several possibilities to realize 
contact windows (implantation, insulators, and wet chemical oxidation) and laser 
mirrors are presented. The impact of heating in the CW regime and some aspects 
of reliability are the following topics. The calculation of thermal distributions in 
diode lasers, which shows the need for sophisticated mounting, will be given. In the 
last part the current state-of-the-art of single-stripe emitters will be reviewed. 



High-power diode lasers are on the point of pushing laser technology forward 
to new states-of-the-art in modern industry. In the 1980s, low-power diode 
lasers were developed for communication and data-storage purposes. The 
next step in exploring semiconductor laser technology was the development of 
high-power diode lasers as key devices for laser systems used e.g. in materials 
processing and in medical applications. The breakthrough came in the early 
1990s when the power and lifetime of 1cm x 0.06 cm laser bars reached 
more than 20 W and 10 000 h, respectively, opening up potential for volume 
application. The progress was achieved mainly by substantial improvements 
of the GaAs crystal-growth technology, supplying substrates of low defect 
density as well as in the epitaxial growth process of AlGalnAs and GalnAsP 
layers on GaAs. The advantage of laser systems based on high-power diode 
lasers as compared to lamp pumping or gas discharge for generating coherent 
light, are the smaller size, the higher electrical-to-optical conversion efficiency, 
the simpler power and cooling supply, and the higher reliability. First, high- 
power diode lasers are likely to replace the lamps in solid-state laser systems. 
Second, for applications, which do not require high optical power densities, 
many high-power diode lasers can be easily assembled to get the desired 
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output power for direct-diode application. Third, in applications demanding 
higher beam quality, replacement of solid-state laser systems by sophisticated 
high-power diode-laser stacks is envisaged. Prerequisites for the latter are 
lasers with a much higher spatial beam quality, eventually using wavelength 
multiplexing for combining many diode lasers to form a single beam. In this 
review we describe the main aspects of physics and technology of high-power 
diode-laser realization preferably for the first and second modes of application 
cited above. 

Opportunities for enhanced high-power diode-laser employment are de- 
duced from the following discussion : 

• The electro-optical conversion efficiency of lamps is in the range around 
50% [1] providing a first benchmark for high-power diode lasers. Currently, 
the conversion efficiency of HPDLs surpasses 60% [2] . 

• The typical lifetime of lamps is around 1000 h. Optical power from lamps 
is relatively cheap. To become competitive the lifetime of high-power diode 
lasers should be at least an order of magnitude longer. 

• The optical output power of lamps for high-power diode-laser systems is 
in the range around several kilowatts. To achieve a similar power with 
diode lasers, about 100 high-power bars have to be provided. Using the 
rack-and-stack-technology such diode laser ‘lamps’ have been realized suc- 
cessfully [3]. Further research is directed towards increasing the output 
power per bar, thus reducing the effort in mounting technology and hence 
the cost per watt of optical diode-laser power. The near-future objective is 
to achieve a reliable 100 W from one diode-laser bar. 

• For pumping the laser crystal of a solid-state laser system the wavelength of 
the diode lasers has to meet exactly the absorption wavelength of the crys- 
tal to be excited (e.g., for a Nd:YAG crystal A A < 3nm around 808 nm is 
typical). Wavelengths emitted by lamps are determined by the electronic 
transitions of the excited atoms. These wavelengths depend only on the 
gas filling and have, by nature, fixed values which are very reproducible. 
Therefore, their match to the optical transitions in the laser crystal are 
either good or bad. In practical systems only part of the broad lamp spec- 
trum is absorbed for pumping, the rest heats up the crystal and degrades 
the solid-state performance. The wavelength of a diode laser is determined 
essentially by the thickness and the composition of the Quantum Well(s) 
(QWs) forming the active zone. Apart from a slight wavelength shift which 
can achieved by temperature and resonator quality, the requirements for 
reproducible epilayer growth are very stringent. 

• A competitive issue is the price of the whole laser system in operation. For 
systems based on high-power diode lasers this is mainly determined by the 
costs of the diode lasers. Hence, efforts have to be focused on a reproducible 
semiconductor technology which should be as simple as possible. 

Here, we will discuss the current developments of specific epitaxial wave- 
guide structures which are used for high-power diode lasers. Thereafter the 
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typical processing technology of Broad-Area (BA) stripe-diode lasers and 
laser bars will be presented. This is followed by treating the issues of operation 
in the CW regime and the thermal behavior, especially for single-stripe diode 
lasers which recently became commercially available. 

1 Epitaxial Waveguide Structures for High-Power 
Diode Lasers 

1.1 The Large Optical Cavity (LOG) Concept 

The layer structure and the dimensions of a typical BA edge-emitting diode 
laser conceived for a high optical output power, together with the shape of 
the emitted beam, are shown in Fig. 1. 

The vertical waveguide consists of a core having a refractive index higher 
than that of the cladding layers. In the core forming the active region, typ- 
ically a strained quantum well is embedded. An optimized structure has to 
deal essentially with the following, partially conflicting, requirements: 

• a high confinement factor to reduce the threshold current, 

• a large near-held width to reduce the facet load, 

• a small near-held width to reduce the overall thickness of the epitaxial 
layers as well as the thermal and series resistances, 

• a large near-held width to achieve a small vertical divergence, 

• low scattering losses, 

• low losses of free-carrier absorption, 

• high doping level to reduce the series resistance, 

• high barriers for the carriers to improve the electrical conhnement and 
therefore the internal efhciency and the thermal stability, 

• small barriers between the different layers to achieve a low voltage across 
the diode. 




6 - 25 ° 

Fig. 1. Scheme of a single-emitter high-power laser diode with typical dimensions 
of the chip and the aperture 
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As can be deduced from the conflicting demands, a careful design of the 
entire diode structure is required with emphasis on the width of the optical 
mode and the doping profile. Trade-offs are unavoidable and depend, above 
all, on the desired output power per stripe width. Figure 2 shows differ- 
ent types of waveguides. A typical structure as drawn in the center yields a 
minimal threshold-current density. It has a relatively large refractive-index 
difference between cladding and core layers. The thickness of the core is op- 
timized for a large confinement factor. However, the divergence is large and 
the intensity distribution shown exhibits a high peak resulting in a high facet 
load which lowers the maximal output power. As reduction of the threshold 
current of high-power diode lasers is not a predominant issue, a search for al- 
ternative waveguide structures holds some promise. Two examples are shown 
on the left-hand and on the right-hand sides of Fig. 2. Both structures repre- 
sents a principal approach to get a larger width of the optical mode. One is 
to make the waveguide laser very thin by which the optical confinement stays 
relatively high but the optical held penetrates deeply into the cladding lay- 
ers. The other is to increase the core width and to reduce the refractive-index 
difference between core and cladding. 

The last approach discussed here, the so-called Large Optical Cavity 
(LOG) with broadened waveguide layers, allows a simple and good approx- 
imation of the near-held distribution to a Gaussian one [4] and results in 
improved diode-laser performance. In this case the optical confinement is 
smallest which is likewise true for the facet load. On the other hand the held 
distribution is smoothed and the energy being transported in the cladding 
layers is very small. Therefore, the cladding layers can be highly doped and 
made relatively thin, both measures leading to small series and thermal resis- 
tances. The disadvantage of a lower modal gain is compensated by the very 
low loss of such waveguide structures. The low loss allows us to make long 
resonator lengths in the range around 2 mm maintaining a high external ef- 
ficiency. The vertical divergence is determined by the difference of refractive 
indices between waveguide and cladding layer. 

There are many possibilities to realize a waveguide depending on material 
composition and thickness of the epitaxial layers of the waveguide and of the 
cladding layers, as well. In the following, two examples for the broadened- 
waveguide concept will be given, one based on an AlGaAs structure used 
for the wavelength region around 800 nm, the other based on Al-free layer 
structures for diode lasers at longer wavelengths above 900 nm. Some other 
approaches, especially for the short-wavelength regions will be described in 
the final part of this section. 

1.1.1 AlGaAs- Waveguide Structures for Wavelengths 
Around 800 nm 

The history of high-power diode lasers starts with the challenge to pump 
Nd:YAG solid-state lasers. The most important absorption band in Nd:YAG 
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Fig. 2. Vertical waveguide structures and calculated near-held intensity distribution 
for diode lasers emitting at A = 810 nm. The calculation is done for Alo.7Gao.3As 
cladding layers and Alo.45Gao.55As waveguide layers in the middle and on the 
left-hand side\ on the right-hand side the composition of the waveguide layer is 
Alo.65Gao.35 As 



is at 808 nm which perfectly matches the technological possibilities to realize 
diode lasers with the established AlGaAs system. Until now the market for 
high-power diode lasers was biggest at this wavelength. Not only for high- 
power solid-state laser systems in materials processing but also for small 
low-power systems used in measurement applications, lots of diode lasers 
emitting around 808 nm are needed. 

The first structures applying the LOG concept with broadened waveguides 
for this wavelength were presented by Garbusov et al. [-S]. They used a 1.2 pm- 
thick waveguide core consisting of Al0.4Ga0.eAs and a cladding layer with a 
composition of Al0.eGa0.4As. A version with a higher content of AlAs in the 
waveguide and cladding layers but a smaller difference in the AlAs content 
between core and cladding is shown in Fig. 3 [6]. This waveguide configuration 
leads to a broader near-field distribution which reduces the facet load. A 
further advantage is the smaller vertical divergence which is desired for fiber 
coupling and beam collimation. 

In Fig. 4 the far-field intensity distribution is shown. The properties of 
the diode lasers are determined by the embedded quantum well. 
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Fig. 3. Scheme of the vertical layer sequence of a diode laser with an AlGaAs LOG 
broadened waveguide-structure 



In Table 1 experimental results are listed for different types of quantum 
wells ranging from unstrained GalnAsP to tensile-strained GaAsP and com- 
pressively strained GalnAsP or AlGalnAs [7]. The gain coefficients, internal 
loss, internal efficiency and the transparency current density are determined 
by the length-dependence of the threshold-current density and the external 
differential efficiency. This method assuming a logarithmic dependence of the 
gain/current relation for a quantum- well active region was introduced by 
Mcllroy et al. [8]. To demonstrate the method, the threshold-current density 




Angle (°) 



Fig. 4. Experimental far-held 
distribution of a AlGaAs diode 
laser with a LOG broadened- 
waveguide structure, Gaussian 
ht, A = 810 nm 
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Table 1. Characteristic data for LOC-AlGaAs diode-laser structures (Fig. 3) with 
QWs for 810 nm (pulsed measurement, uncoated samples, 100 pm stripe width) 
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“ transparency current density, ® internal efficiency, ' modal gain coefficient, 
® threshold current (L = 1000 pm), slope efficiency {L — 1000 pm), 

' vertical far-held angle (FWHM) 



versus the inverse resonator length is plotted in Fig. 5 for several quantum 
wells on a logarithmic scale. 

In Fig. 6 the inverse external differential efficiency is given versus the 
resonator length. Both curves should be linearly fitted to get the values as 
above-mentioned . 

For practical use, the threshold current and the differential efficiency at a 
resonator length of 1000 pm are also given. Such a resonator length results in 
a mirror loss of about 12 cm”^ for a diode laser with uncoated facets, which 
corresponds to a mirror reflectivity of 30%. This mirror loss is typical for the 




Fig. 5. Threshold-current density versus inverse resonator length of uncoated diode 
laser with an AlGaAs LOG broadened-waveguide structure; A = 810 nm measured 
in pulsed regime (lps;5kHz); ■ compressively strained InGaAsP QW; x tensile- 
strained GaAsP QW 
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Fig. 6. Inverse slope efficiency versus resonator length of uncoated diode laser with 
an AlGaAs LOG broadened-waveguide structure; A = 810 nm measured in pulsed 
regime (Ips, 5 kHz); ■ compressively strained InGaAsP QW; x tensile-strained 
GaAsP QW 



Anti-Reflection (AR) - High-Reflection (HR) facet-coated diode lasers used 
in real systems. 

From Table 1 the progress by introducing strained quantum wells can be 
seen. Strained quantum wells account for lower threshold-current densities 
and higher efficiencies. The choice of the material composition of the quantum 
well as the active region depends on the epitaxial equipment, the experience 
and the application (TE or TM polarization, compressive- or tensile-strained 
QWs). The question whether one or two quantum wells should be better, 
is answered by both the desired output power per facet width and the res- 
onator length. For medium-power applications a shorter resonator length be- 
low 1 mm is desirable, since material utilization for the diode laser is reduced 
in this case. Moreover, a Double Quantum Well (DQW) should be used. How- 
ever, for higher output power, the resonator length is typically increased to 
1.5 mm or longer. In this case a Single Quantum Well (SQW) would yield a 
lower threshold current. 

The application of the waveguide structure shown in Fig. 3 is not limited 
to the wavelength range around 800 nm. It was also used successfully for 
shorter wavelengths down to 720 nm [9] and at wavelengths around 940 nm. 
For wavelengths around 800 nm an LOG broadened-waveguide structure was 
also realized with GalnP waveguide and AlGalnP cladding layers [10]. 



1.1.2 Al-Pree Waveguides for Wavelengths 
from 940 nm to 980 nm 

High-power diode lasers emitting in the 940 nm and 980 nm wavelength re- 
gions have recently aroused interest for pumping Yb:YAG solid-state lasers as 
well as Er-doped fiber lasers and amplifiers, respectively. In this wavelength 
range Mawst et al. [11] reported for the first time the successful realization of 
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an Al-free LOG broadened-waveguide structure achieving high output power. 
Al-free epilayers on GaAs are not as common as AlGaAs and more difficult to 
grow, but they promise some benefits with respect to higher facet stability, 
reduced generation of defects and higher electrical conductivity. The layer 
structure explored is given schematically in Fig. 7. 

The cladding layers consist of GaInP. A quaternary material GalnAsP 
lattice-matched to GaAs with a band gap of around 1.6 eV is used for the 
waveguide. The thickness of the waveguide is about 1 pm. The cladding layers 
can be made as thin as 700 nm, which reduces thermal and series resistances. 
The overall thickness of the epitaxial layers of only 2.5 pm clearly demon- 
strates one of the main benefits of the broadened-waveguide concept. On the 
other hand, a quaternary material with a higher band gap is more difficult to 
grow, and the high difference in refractive index between cladding and wave- 
guide core is a critical issue of the structure. Hence, the divergence of these 
diode lasers is relatively high, viz. about 40° FWHM. However, the higher 
Gatastrophic Optical Mirror Damage (GOMD) level of the Al-free material 
completely compensates this drawback compared to AlGaAs structures. In 
Table 2 characteristic data of such structures with different GalnAs quantum 
wells and varying types of waveguides are presented. 

Very low threshold-current densities have been achieved with a 1 pm- 
thick waveguide core. In Fig. 8 the threshold-current density versus inverse 
resonator length and in Fig. 9 the differential external efficiency versus res- 
onator length are plotted for a typical waveguide structure with a single and 
a double quantum well. 

Diode lasers with such a structure stand out for threshold-current den- 
sities below 200A/cm^ for 1000 pm resonator length and of only around 
120A/cm^ for longer ones with differential external efficiencies of over 80%. 
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Fig. 7. Scheme of the vertical layer sequence of a diode laser with an Al-free LOG 
broadened-waveguide structure for emission wavelengths around A = 950 nm 
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Table 2. Characteristic data for Al-free LOG diode-laser structures for wavelengths 
around 950 nm with InGaAs QWs (Fig. 3); pulsed measurement, uncoated samples, 
100 p,m stripe width 
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internal efficiency, ® absorption losses, ^ threshold current (L = 1000 |J.m), 
® slope efficiency {L — 1000 p.m), ** wavelength (L = 1000 p.m), 

‘ vertical far-held angle (FWHM) 




Fig. 8. Threshold-current density versus inverse resonator length of uncoated diode 
laser with an Al-free LOG broadened- waveguide structure; A = 935 nm measured 
in pulsed regime (l|is, 5 kHz); x InGaAs SQW; ■ InGaAs DQW 




Fig. 9. Inverse slope efficiency versus resonator length of uncoated diode laser with 
an Al-free LOG broadened-waveguide structure; A = 935 nm measured in pulsed 
regime (Ips, 5 kHz); x InGaAs SQW; ■ InGaAs DQW 
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Further broadening of the core leads to a lower divergence but also to higher 
threshold currents due to the smaller confinement factor. 



1.1.3 Structures for Short- Wavelength Diode Lasers 
from 630 nm to 690 nm 

The development of diode lasers emitting in the red spectral range was 
triggered from data-storage applications such as Digital Video Disk (DVD) 
systems. Until now red-emitting high-power diode lasers had a relatively 
small market. For example Cr-doped lithium strontium aluminum fluoride 
(Cr:LiSAF) solid-state lasers generating femtosecond pulses can be pumped 
by such diode lasers emitting between 650 nm and 740 nm [14]. In the future, 
however, a large market is anticipated in laser-projection technology when 
the red color (630 nm to 640 nm) will be supplied by high-power diode lasers. 
Another application with volume potential is foreseen in medical therapeu- 
tics. The difficulties of realizing the pertinent laser structures arise from the 
only possible small difference between the energy gap of the quantum-well 
material (typically GalnP) and that of the surrounding waveguide-layer ma- 
terial (AlGalnP). Therefore, the barrier height is quite low for the carriers 
in the active region. Quantum wells with tensile or compressive strain can 
be realized by using a certain Ga/In ratio. For the waveguide and cladding 
layers, material compositions with a band gap wider than 1.9 eV which corre- 
sponds to a wavelength of 650 nm are required. (Ala,Gai_a;)o. 5 lno. 5 P is used 
for the waveguide, and a composition with a higher A1 value is used for the 
cladding layers, in many cases up to AlInP. In Fig. 10 a typical structure for 
a wavelength of 650 nm [15] is shown. 

Due to the lower barrier height for the carriers in the quantum wells, a 
high confinement factor is more important than for diode lasers operating in 
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Fig. 10. Scheme of the vertical layer sequence of a diode for emission wavelengths 
around A = 650 nm 
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the longer-wavelength range, and therefore a waveguide structure as shown 
on the left-hand side of Fig. 2 is used. The waveguide layers are relatively thin 
(30 nm - 100 nm), and the difference of the refractive index between wave- 
guide and cladding layer is large. However, because the wavelength is short, 
the divergence is 40° (FWHM) for the thicker and about 20° for 30 nm- to 
40nm-thick waveguide layers. Additionally, a reflector for electrons, consist- 
ing of thin layers with a periodically varying band gap, is grown to improve 
the carrier confinement and temperature stability. In Table 3 some published 
experimental results are listed for the wavelength range discussed here. 



Table 3. Data of diode lasers in the red spectral range 
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2 Technology for Broad-Area Diode Lasers 
and Laser Bars 

The objectives of device technology for power diode lasers are threefold. First, 
it is necessary to shape the optical resonator for lateral waveguiding. In the 
vertical dimension waveguiding is due to the epitaxial structure, in the lateral 
dimension waveguiding is usually achieved by mesa etching in the case of 
index-guided diode lasers, or more simply by a defined contact geometry in 
the case of gain-guided diode lasers. For a typically used stripe width beyond 
50 pm the difference in performance is small. 

Second, mirrors have to be generated to define the resonator. For high- 
power diode lasers this is usually done by cleaving the crystal and coating 
the mirror facets. This process is unique in semiconductor-device fabrication 
technology and a critical one for edge-emitting diode lasers. 

Third, further processing has to ensure electrical contacts for the power 
supply and to allow mounting of the diode laser chip for handling and thermal 
heat sinking. The designed structure and contact metallization must allow for 
effective input of the electrical energy into the diode laser and to efficiently 
remove the waste heat. As diode lasers are rather small devices their thermal 
footprint is very high, reaching values on the order of kW / cm^ although their 
conversion efficiency exceeds 50%. 

Apart from facet coating, nearly all of these processing steps described 
in detail in [19] and [20] resemble those of integrated circuits. Because of 
the high current density and light intensity, all of the processing procedures 
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must be designed to minimize the amount of stress and damage that the 
grown diode-laser epilayers and substrate experience during the processing 
steps in order to minimize the introduction and growth of defects. This is 
valid especially for high-power diode lasers with their larger active volume 
and high internal optical intensity (1 — lOMW/cm^). 

All high-power diode-laser structures presented in the following are mul- 
timode lasers because of their optical confinement dimensions (for a typical 
broad-area diode laser see Fig. 1). 

2.1 Processing of Contact Windows 

The most-simple gain-guided diode-laser structure is based on laterally re- 
stricted current injection. This is realized by a contact window on the semi- 
conductor surface. To prevent current spreading this surface is on top of the 
epitaxial layers. Via this contact window the current is injected into the active 
region using an appropriate metallization. Areas outside this window have to 
be electrically isolated. 

Insulation is achieved either by strongly reducing the conductivity of the 
highly doped semiconductor contact layer caused by implantation or by a 
dielectric insulator placed between the semiconductor contact layer and the 
metallization layer. Diffusion of a dopant material, usually Zn, is a further 
approach to create a contact window. Selective diffusion requires a mask con- 
sisting of a stable dielectric insulator. For the processing of high-power diode 
lasers the implantation and the dielectric layer are mostly reported [21,22]. 

2.1.1 Implantation 

The insulating effect of ion implantation is based on generating vacancies in 
the semiconductor. These vacancies capture the free carriers in the semicon- 
ductor layers necessary for the current transport, thus decreasing the con- 
ductivity and increasing the resistance of the layers. 

For the fabrication of multimode diode-laser structures the insulation 
of only the highly doped semiconductor layers (the contact layer and the 
cladding-layer region next to the contact layer) is sufficient. This area can be 
isolated by a shallow ion implantation with low-energy ion doses. The average 
depth and the thickness of the created insulating layer is defined by the ion 
type and the implantation energy. The implantation dose defines the number 
of vacancies and consequently the degree of insulation. Figure 11 shows the 
calculated ion distribution of He“'" ions which were implanted into GaAs with 
an energy of 25keV and a dose of 4 x 10^^cm“^. Figure 12 shows the cor- 
responding calculated distribution of the created Ga and As vacancies. The 
maximum of the vacancy distribution extends to about 250 nm below the 
surface. Hence, the contact layer usually has a thickness of 100-200 nm and 
a doping level of 2-4 x 10^® cm“^; the adjacent cladding-layer area should be 
electrically isolated. It is worth noting that the ions do not penetrate deeper 
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Fig. 11. Calculated concentration profile of implanted He'*' ions in GaAs, implanted 
with an energy of 25 keV and a dose of 4 x 10^® cm“^, typical parameters, used to 
insulate defined areas of the highly doped GaAs contact layer. The projected range 
is 180 nm (depth with the highest He-ion concentration) 




Fig. 12. Ga and As vacancies profile in a GaAs layer, produced by an He'*' im- 
plantation with an energy of 25keV and a dose of 4 x 10^^cm“^. This vacancy 
concentration is sufficient to make the 200 nm highly p-doped layer isolating 



than 400 nm and thus are far away from the active zone. This fact is very im- 
portant because the ion implantation creates crystal defects which cannot be 
annealed completely. Through annealing the insulating effect would likewise 
vanish. 

Damage located in a region with high optical field intensity forms initial 
points for the growth of dislocations, leading to the degradation of the diode- 
laser characteristics and finally to the failure of the device. Therefore, an 
alignment of the implantation with a major crystallographic direction (with 
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an angle lower than 7°) should be avoided. Due to this so-called channeling 
effect the implanted ions are guided between rows of atoms in the crystal 
lattice, and the penetration depth is up to 10 times higher than in the non- 
channeling case. 

To isolate only selected areas of the semiconductor - outside of the contact 
windows - an appropriate mask should be used for the implantation. The 
implantation is a low-temperature process and therefore a large variety of 
masking materials can be used. Very suitable are masks of a commonly used 
photoresist or a metal. Because of the extremely low implantation energy 
applied for a depth of 250 nm, a positive resist (about 1.8 pm thick) or a thin 
metal layer (for example the layers of the metal contacts) can be used as a 
mask. Deeper implantation reduces current spreading but needs more stable 
masks, and the distance from the region of created defects to the active region 
becomes smaller. 

The technology to fabricate a gain-guided diode laser with the help of ion 
implantation is illustrated in Fig. 13. 



2.1.2 Insulating Layer 

The technology to fabricate a gain-guided diode laser with a lateral isolated 
area formed by a dielectric layer is depicted in Fig. 14. The most common 
dielectric layers used as a current barrier in GaAs-based diode-laser structures 
consist of Si02, SiN^, or AI2O3. Depending on the dielectric layer used and 
the deposition technique applied (chemical vapor deposition, sputtering or 
electron-beam evaporation) , the technology to structure this dielectric layer 
is different. In the presented technology, SiN^, deposited by radio- frequency 
sputtering is used. Because of the low thermal load imposed on this deposition 
process as compared to the CVD process, a lift-off technology for the openings 
of the contact windows can be used. Lift off is preferred to direct structuring 
as the electrical properties of the semiconductor contact layer are much less 
affected by a lift-off procedure. 

Regarding the thickness of the dielectric layer, the ratio between the in- 
sulating and the contacting area is near to 1, and in view of the low voltage 
applied to the diode laser, a thickness of 100 nm for the dielectric layer is 
sufficient. 

2.2 Processing of Mesa Structures 

Another generic type for optical and electrical confinement is the index- 
guided structure. In this structure, part of the semiconductor layers outside 
the confined region is replaced by a material with a lower refractive index. In 
the simplest case, parts of the epitaxial layers (contact and cladding layers 
typically) outside the confined region are etched away. This mesa could be 
made very small (3-5 pm) so that a lateral waveguide having only a single 
lateral mode can easily be created. Therefore this structure is very often used 
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Fig. 13. Technology to produce a pla- 
nar gain-guided laser diode. The gain- 
guiding is created by the current conhne- 
ment, produced by the isolating implanta- 
tion (step 3). The mask to structure the 
metal him is a lift-off mask made of an 
image-reversal resist. To prevent the con- 
tact area on the GaAs layer from damage, 
caused by the ion implantation, metalliza- 
tion stripes of a thickness of 70 nm are suf- 
ficient 



for a fundamental-mode diode laser, the so-called ridge-waveguide laser. In 
more complicated structures the etched areas outside the confined region are 
filled with another semiconductor layer grown by a second epitaxy step. This 
so-called buried heterostructure is very well known from fundamental-mode 
diode lasers for the 1.3 pm and 1.55 pm wavelength regions but they are not 
used for high-power diode lasers based on GaAs substrates. 

The laser diode with a mesa structure for high output power as shown e.g. 
in Fig. 1 is a special case of the ridge-waveguide laser. The lateral width of 
the mesa is 60 pm to 200 pm. The precision of the etching process to reach a 
stop at the exact depth is reduced as compared to the ridge- waveguide laser. 
The main advantage of the mesa structure is an excellent and defined current 
confinement and also a slightly better optical confinement which results in a 
somewhat lower threshold-current density, especially for stripe widths smaller 
than 100 pm. 
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Fig. 14. Technology to fabricate a planar 
gain-guided laser diode. The current con- 
finement is realized by a contact window, 
defined by an isolator on the highly doped 
GaAs layer. The best way to strncture the 
isolator from the point of view of contact 
conditions is by using a lift-off mask. The 
insulator has to be deposited by a low- 
temperature process for the use of the lift- 
off process, for example by sputtering 



The technology to produce laser diodes with a mesa structure is illustrated 
in Fig. 15. The etching of the mesa is by wet or dry etching methods; these 
are well established processes with relatively large tolerances. The etching 
procedure should produce side walls which can be easily metallized. In the 
case of wet chemical etching only such etching solutions should be used which 
prevent underetching of a semiconductor layer, which would yield holes under, 
or breaks in, the metallization film. This happens if the etching solution 
has different etching rates for different semiconductor materials. Because of 
the anisotropic etching behavior of most wet chemical etchants, the window 
openings should be oriented only in one direction. 

A lot of papers treat wet etching of GaAs and other semiconductors 
(e.g. [20,23,24,25]). An often-used etching solution for GaAs and AlGaAs 
is the H 2 SO 4 /H 2 O 2 /H 2 O system, having moderate etching rates and excel- 
lent etching profiles in the fundamental crystal-lattice directions. Another 
wet etchant is composed of HGl and water or H 3 PO 4 , often used for etching 
InGaP. Unfortunately, these systems have very high etching rates, making 
the etching process difficult to control. For InP, InGaAsP and related com- 
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Fig. 15. Mesa technology to 
fabricate a quasi-index-guided 
laser diode. The resist mask, 
used as the etching mask, con- 
sists of positive (especially for 
the following wet chemical etch- 
ing) or negative resist (for a dry- 
etching process) . Then the same 
mask can be used for structur- 
ization of the isolator 



pounds an etching solution based on bromine, viz. Bi'2 : H20/HBr/H20, is 
used. 

In diode lasers with a mesa structure, electrical confinement should be 
supported by an additional insulating layer (SiN^, or AI2O3) which also pro- 
tect layers with a high aluminum content from corrosion [26]. On the other 
hand, fabrication of low mesa structures allows the formation of an insulating 
layer on material with high aluminum content by wet chemical oxidation [27]. 

A scanning electron microscope picture of a diode laser with a low mesa 
structure is shown in Fig. 16. 

2.3 Metallization 

The purpose of metallizing the p- and n-sides of the diode laser is to provide 
an ohmic contact to allow electrical current to flow through the diode. The 
contact should have a linear I-V characteristic, and be stable in the time 
and temperature domain. The contribution to the series resistance of the 
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Fig. 16. SEM picture of a high-power laser diode with a mesa structure for the 
optical and electrical confinement. The gold plating supports the heat transfer to 
the environment 




diode should be as small as possible. On the other hand, the metallization is 
the basis for the mounting of the diode laser on a heat sink. Therefore the 
metallization should also allow soldering on a submount for heat transfer and 
wire bonding. 

For high-power diode lasers based on GaAs substrates in the wavelength 
range between 650 nm and 1100 nm, the semiconductor contact layer consists 
typically of GaAs. If this contact layer is highly enough doped, almost any 
metal placed in intimate contact with the surface will result in an ohmic 
contact without having to be alloyed. The necessary doping level is at least 
1 X 10^® cm“®. This high doping level can be realized during epitaxial growth 
of the contact layer. Usually a doping level of 2-4 x 10^®cm“® can be re- 
alized with Zn or G as the dopant. More critical is the metallization of the 
n-doped GaAs substrate, where the second (n-) contact is formed. Typically 
used substrates only have doping levels around 10^®cm“^. To fabricate an 
ohmic contact on these substrates an appropriate metallization is applied to 
the wafer and then alloyed with the GaAs. During alloying at an elevated 
temperature and the subsequent cooling period, a component of the metal- 
lization enters into the GaAs and creates a highly doped surface layer. Of 
all the metallizations used, gold-germanium-based systems (germanium as 
the dopant) were found to be most adequate for contacting n-type GaAs 
substrates over reasonable doping ranges. Gold-germanium is applied in pro- 
portions that represent a eutectic alloy (for example 88% Au, 12% Ge by 
weight) [19]. This alloy is deposited on the GaAs substrate by electron-beam 
evaporation. The AuGe alloy has a poor sheet resistance, is very difficult to 
wire-bond and is not solderable to a heat sink. This is why an additional gold 
layer is evaporated on the AuGe alloy. The thickness of this gold layer de- 
pends on the further contacting procedure. For wire-bonding on the n-contact 
(mounting p-side down), a relatively thick gold layer is required (« 400 nm). 
For soldering, a thin layer (< 100 nm) is preferred. To prevent gold diffusion 
into the GaAs during the alloying, an additional layer is necessary. Typically 
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a platinum layer acts as a barrier with a titanium adhesion layer. The contact 
metallization system AuGe/Ti/Pt/Au is alloyed in a rapid thermal annealing 
chamber in a temperature region of 400° C to 430° C for 10 s to 20 s. 

The p-contact is not as critical as the n-contact because of the high doping 
level of the GaAs contact layer. Evaporation of unalloyed metal directly on p- 
type GaAs can also produce acceptable ohmic contacts. The commonly used 
contact system for highly doped GaAs is the metallization system Ti/Pt/Au, 
which means that the same materials as for the n-contact can be applied. 
At a doping level of 2 x 10^® cm“^ of the GaAs contact layer a contact re- 
sistance of nearly 10“®ricm^ can be achieved. For the usual p-side down 
mounting the An layer thickness is crucial. A value of 100 nm appears ideal. 
The thickness yields good wettability but is thin enough to avoid spurious 
metallurgical reactions with the Au/Sn or In solder material [28]. If the diode 
laser is mounted p-side up, an additional thick gold layer should be applied 
to support heat transfer to the surroundings and to improve the homogeneity 
of current injection. This 3 pm- to 5 pm-thick gold layer can be produced by 
electroplating. 

As shown in Figs. 13-15, the various metallizations deposited by electron- 
beam evaporation can be patterned by applying a lift-off procedure. 

2.4 Laser-Bar Preparation 

One of the most common methods to generate more output power from a 
semiconductor-diode laser is to increase the width of the emitting area. How- 
ever, if the width of a single emitter is increased, filamentation and lateral- 
mode instabilities become increasingly severe. This means that the optical 
power is no longer distributed homogeneously along the facet. So-called hot 
spots are likely to occur which lead to a fast degradation of the diode laser. 
As a matter of fact, the output power of single-stripe emitters cannot be en- 
hanced significantly for stripe widths exceeding about 200 pm. Today, single- 
stripe emitter-diode lasers usually have a width of the emitting area which is 
below 300 pm. A practicable way to increase the output power is the mono- 
lithic integration of many (20-70) emitters into one diode-laser bar. These 
emitters are isolated optically and electrically from each other. Each emitter 
can be driven at a moderate output power, which does not lead to a accel- 
erated degradation of the output facet. By summing the power of all single 
emitters in the laser bar a total output power of 100 W can be achieved [29]. 
In spite of the high power loss (about 50% of the electrical power) in such in- 
tegrated array structures the thermal management - the soldering procedure 
and the heat sink architecture - play an important role to achieve a stable 
high-power operation with long lifetimes on the order of 10 000 h. In recent 
years, a standard length of the laser bars of 10 mm has been established. The 
resonator length is typically 600 pm and 1000 pm and the distance between 
the single emitters is about 50 pm and 200 pm. The filling factor (ratio of the 
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Fig. 17. Scheme of a part of a laser bar, consisting of electrically and optically 
separated single emitters. Each emitter has a mesa structure. The length of the 
bar is normally 10 mm, the resonator length between 600 p,m and 1000 p,m. The fill 
factor, the ratio between the optically active area to the whole area of the bar, is 
between 30 and 50% 



active to the whole area of the laser bar) is between 30% and 80%. Figure 17 
shows a section of such a laser bar. 

The technology to fabricate such diode-laser bars is quite similar to the 
one described for broad-area single-stripe-diode lasers. In general, high-power 
laser bars based on gain-guided or quasi-index-guided diode-laser structures 
and for CW operation are always mounted p-side down on a heat sink. There- 
fore the p-metallization sequence should be terminated with a 100 nm-thick 
gold layer, separated from the final metallic contact layer by a barrier layer 
of platinum. Figure 18 shows a mounted diode-laser bar on the right-hand 
side, a diode-laser bar and an enlarged section with a few single emitters of 
the bar. 

Since the technology to process single-stripe emitters and diode-laser bars 
is almost identical, the fabrication of diode-laser bars means only a change 
of the mask layout. However, there are special demands on the process tech- 
nology of laser bars due to the high number of single emitters integrated in 



260 pm 




Fig. 18. Optical microscope picture of a complete laser bar with 70 emitters, with 
some details, showing the separation channels between the emitters. The separation 
channels contain a high- absorption layer of germanium, to suppress some spurious 
modes. Also shown is a completely mounted bar in a micro-channel cooler 
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a laser bar. Each process step must be carried out on a very high reliability 
level. A defect of one emitter can be the reason for the failure of the whole 
bar by current or thermal effects. 

Another problem, which arises from the integration of so many broad- 
area emitters having the same waveguide layers, is the appearance of so-called 
spurious modes. These modes have a propagation direction ‘perpendicular’ to 
the normal resonator modes. Such modes, which decrease the overall efhciency 
of the bar, will appear more in bars with a high fill factor, and have to be 
suppressed by drastically increasing the losses for such modes. 

There are two approaches to suppress these modes. The first is to etch 
deep grooves parallel to the resonators between the single emitters. To in- 
crease the absorption at the side walls of the etched channels, an additional 
absorber can be deposited in these grooves which can be, e.g., a germanium 
layer having a sufficiently high absorption coefficient. To prevent diffusion of 
the p-side soldering material into the substrate or the n-doped region which 
would invariably lead to a short circuit, an additional insulating layer (Si 3 N 4 ) 
covering the side walls and the bottom of the channels is necessary. 

The second approach to suppress the spurious modes is to use the mesa 
structure. If the channels on both sides of the mesa are etched sufficiently 
deep (in general at least up to the waveguide layer) the optical field of a 
mode propagating in this region has an asymmetrical field distribution. Con- 
sequently, this mode has a high leakage towards to the substrate and cannot 
reach laser threshold. Using such kinds of mesa structures, no additional 
technological steps for the suppression of spurious modes are necessary. 

2.5 Facet Coating 

One of the most crucial aspects of high-power semiconductor-laser technology 
is that of generating long-term stable laser mirrors at the facets of the cleaved 
wafer. The energy heating the facet region is concentrated in a small volume 
and the power density easily reaches values on the order of lOMW/cm^ at 
the output mirror, which is near the damage threshold of a laser facet. The 
mirrors are realized by a three-step process: 

• cleaving the processed wafers into laser bars, 

• passivation of the cleaved surfaces, 

• coating for the desired reflectivity. 

The process has to fulfill mainly three requirements. First, the desired 
reflectivity, typically > 90% at the rear facet and values between 3% and 
20% at the front facet, should be realized. Second, the process has to yield 
a high stability of the facet to ensure a device lifetime of several thousand 
hours. Third, it must be reproducible and cheap technology suitable for mass 
production. 
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2.5.1 Passivation 

Figure 19 shows the feedback loops at the cleaved diode-laser facets leading 
to the damage of the facet and consequently to the failure of the device. All 
the processes leading to a degradation of a diode laser are described in detail 
in [30]. 

The reason for the initial absorption at facets is that there are deep centers 
(interface states) at the semiconductor-insulator interface which are multi- 
plied by oxidation of the semiconductor material. The absorption of stimu- 
lated emission generates electron-hole pairs which recombine nonradiatively 
in the facet region. This nonradiative surface recombination heats the facet 
and as a result the band gap is reduced. This band-gap reduction increases 
the light absorption at the facets, and a positive-feedback loop develops. This 
effect will be enhanced by current crowding at the facet due to the lower band 
gap [31]. If the absorbed energy is high enough, a self-supporting process oc- 
curs which leads to thermal damage of the facet, the so-called Catastrophic 
Optical Mirror Damage (COMD). 

To reduce the probability that this process might occur, various ap- 
proaches are being pursued and reported. Whatever method is applied is 
a well-protected secret of every diode-laser manufacturer. A few approaches 
are given here. 

• Decreasing the initial light absorption at the facet: to avoid the absorption, 
the band gap near the facet has to be widened. As an example, strain 
relaxation near the facets of tensile-strained quantum wells increases the 




Fig. 19. Scheme of the processes leading to catastrophic optical damage of the laser 
facets (Reprinted with permission from: M. Fukuda: Reliability and Degradation of 
Semiconductor Lasers and LED’s (Artech House, London 1991) [26]) 
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gap value in the facet region [32]. But the effect is not very pronounced 
and tensile-strained quantum wells cannot always be implemented. Another 
possibility to achieve a larger band gap in the facet region is diffusion- or 
implantation-enhanced interdiffusion between the quantum wells and the 
surrounding material [33] . The absorption edge of the changed material is 
shifted several nanometers to shorter wavelengths and hence the absorption 
of stimulated emission in the facet region is reduced. The interdiffusion 
process requires a relatively high temperature of more than 800° C thus 
being a process step not easily integrated into diode-laser manufacturing. 
A third but more exotic technology is the re-growth of a window section at 
the facet with a semiconductor material having a higher band gap, which 
also requires high temperature and processing steps connected with the 
single diode-laser bars instead of a full wafer processing [34] . 

• Reducing surface-recombination velocity: this involves a rather complicated 
technology for semiconductor lasers which usually is not in line with an in- 
dustrial low-cost production. One possibility is to cleave the wafer into 
bars in ultrahigh vacuum or in a protective atmosphere and to evaporate 
an appropriate passivation layer on the surface [35]. A second variant is 
surface treatment with sulfuric reagents to replace the nonstable oxide by 
a more stable compound. The influence of sulfur-stabilized facets on the 
electroluminescence power of a ridge-waveguide laser is shown in Fig. 20. 
The sulfur treatment leads to a decrease of the nonradiative recombination 
velocity and an increase in the COMD level [36,37]. However, the intro- 
duction of such a process in off-the-shelf diode-laser production has not yet 
been reported. A further approach is to deposit very thin layers of Al on the 
facet to getter the oxygen at the surface [38]. Using Al-free active regions, 
at least the area of the quantum well and waveguides inherently results in 
a reduced surface-recombination velocity. This is one of the advantages of 
an Al-free material system. 

• Reducing current crowding at the surface: not only the absorption of light 
initiates a temperature rise at the surface, but also part of the forward 
current heats the surface due to nonradiative recombination. The latter 
will be increased as the band gap is decreased near the heated surface. 
One of the simplest measures to decrease the nonradiative recombination 
of electron-hole pairs at the facet is to prevent the supply of carriers to 
the area close to the facet [39] . The contacts should be set apart from the 
facet, at least over a distance larger than several times the diffusion length 
of the carriers in the diode. 

The COMD level per stripe width is of course also determined by the light 
density at the facet. A reduction of the light density through an appropriate 
vertical waveguide structure led to the broadened- waveguide concept, result- 
ing in so-called large optical cavity (LOG) structures which support a higher 
output power per stripe width. The highest COMD levels for multimode 
broad-area diode lasers are now between 15-20 MW/cm^ [40]. This results in 
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Fig. 20. Nonradiative current-voltage characteristics (a) and electroluminescence 
power (b) of a ridge-waveguide fundamental-mode laser without (i) and with (ii) 
sulfur treatment of the facets. It is clearly seen that the sulfur treatment of the facets 
reduces the nonradiative current by two decades. This reduction of the nonradiative 
current is connected with an increase of the electroluminescence power (Reprinted 
with permission from: G. Buster: Simple Method for Examining Sulphur Passivation 
of Facets in InGaAs-AlGaAs (0.98 pm) Laser Diodes, Appl. Phys. Lett. 68, 2467- 
2468, (1996) American Institute of Physics) 



maximum output powers of about 100 mW per pm stripe width. Similar and 
slightly higher values are achieved with fundamental-mode lasers [41]. Nev- 
ertheless, COMD and long-term facet degradation are often still the limiting 
factors for higher output powers of edge-emitting high-power diode lasers. 

2.5.2 Reflectivity 

The reflectivity of pure cleaved facets is nearly 30%. This value is easily 
modified by coating of the facets with an appropriate layer or a stack of 
layers. Especially the coating of the front facet should have a negligible ab- 
sorption for the laser light. Moreover, the coating material should exhibit 
long-time stability to prevent the diffusion of components from the environ- 
mental atmosphere into the active layer under high-power operation. From a 
technological point of view, the coating material should be depositable on the 
facets without causing any damage of the underlying semiconductor material 
and without removing the passivation material and hence passivation effects. 
On the other hand the adhesion has to be very good. 

To minimize the reflectivity with a single layer, the coating material 
should have a refractive index close to the geometric mean between the ef- 
fective index of the waveguide and the index of air. But for the typically 
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used values of reflectivity between 3% and 20% there are a lot of materials 
possible for the facet coating. Typically a single layer of AI2O3 is used or 
combinations with ZnSe are also reported. 

For increasing the reflectivity, pairs of quarter-wavelength layers with a 
second material having a high refractive index should be used. AI2O3, Si3N4 
and sometimes Si02 are utilized as a coating material with low refractive 
index. Commonly used coating materials with higher refractive indices are Si, 
ZnSe, Ti02 or Ta205. All these materials can be deposited by secondary-ion- 
beam sputtering or evaporation, which can be ion-beam assisted. However, 
ion-beam assisted techniques require a trade-off between very good adhesion 
of the layer and low damage at the facet. 

Figure 21 shows how the facet reflectivity is modified by a single layer of 
AI2O3 of various thicknesses as a function of the lasing wavelength around 
808 nm. A layer of optical thickness (d): dridie = A/2, (ridie is the refractive 
index of the dielectric material used), does not change the reflectivity of the 
facets, but is very often used to protect the pure semiconductor surface at 
the facet against degradation in the case of low-power operation. The desired 
reflectivity in the range between 0.5% and 30% can easily be adjusted by 
choosing the right thickness of such a single layer . For a lower reflectivity 
SidNd is preferred because the refractive index is closer to the square root of 
the refractive index of the semiconductor material. For stable broadband AR 
coatings a stack of AI2O3 and Ti02, or ZnSe, with appropriate thicknesses 
can be applied. 

For the rear facet, typically a multilayer stack consisting of quarter- 
wavelength layers with low- and high-index materials is used. Figure 22 shows 




Wavelength (nm) 



Fig. 21. Calculated reflectivity (at A = 808 nm) of an AI 2 Os-coated facet with an 
AR coating of 10%, as used for a real device. The two other curves show the change 
in the reflectivity, if the layer thickness varies by ±2.5% (the tolerance of normal 
coating equipment) 
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Fig. 22. Calculated reflectivity (at A = 808 nm) of a multilayer system to realize 
a facet reflectivity of 85%. The layer system consists of two pairs AI 2 O 3 (117 nm)/ 
a-Si (39 nm) and a protection layer of 20 nm AI 2 O 3 
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the calculated reflectivity of a multilayer stack consisting of Al 203 /Si for a 
wavelength around 808 nm. Silicon (amorphous) has the advantage of a very 
high refractive index at this wavelength. Only two pairs are necessary to 
achieve a reflectivity of about 90% at 808 nm. However, the absorption is 
quite high and, although the light intensity at the rear facet is much lower, 
there is some evidence for possible facet damage in high-power devices [42]. 
Instead of Si, other high-index materials such as ZnSe, Ti02 or Ta20s are 
used to reduce the probability of damage. In this case at least three pairs of 
layers are necessary to achieve a reflectivity of nearly 90%. 



3 Behavior of High-Power CW Diode Lasers 



3.1 Influence of Heat on Laser Performance 



The conversion efficiency of high-power diode lasers is high in comparison 
with other types of lasers; values approaching 70% seem possible. In practice, 
the conversion efficiency is around or slightly above 50%. Nevertheless, a 
considerable amount of heat is generated in high-power diode lasers. The 
small size of diode lasers results in a relatively high thermal resistance i?th, 
which is usually defined as the temperature rise of the active region divided 
by the difference of input power minus optical output power 



^th 



AT 



Pin — Pm 



( 1 ) 



Depending on the thermal resistance, this heat generation results in a 
higher temperature of the active region. Increasing the temperature of the 
active region of diode lasers reduces the carrier confinement and increases the 
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nonradiative recombination processes. Both effects lead to a higher thresh- 
old current and a lower differential efficiency. The maximum output power is 
thus limited by the temperature rise of the active region, the so-called ther- 
mal rollover. In practice it might be eventually advantageous to have such 
reversible rollover effects before the COMD ends the lifetime of the diode 
laser. On the other hand, the degradation of diode lasers depends on temper- 
ature, and therefore the temperature of the active region should be as low 
as possible. The calculation of the thermal resistance is not straightforward 
because the effective sources of heat depend on the operation conditions. At 
low current below and near threshold the generated light is distributed across 
the crystal and will be absorbed in the higher-doped regions, contact layer 
and substrate. Also possible is a considerable amount of nonradiative recom- 
bination at the active region. Far above threshold, conversion to the usable 
radiation is high, and the heating stems from the series resistance Rs and 
from absorption of the laser light in the resonator especially in the vicinity of 
the mirrors. In either case localization of the heat sources is not straightfor- 
ward. In addition, the temperature is not constant along the active region. 
This subject will be discussed in detail in the following sections. 

Here, we will briefly discuss the impact of heating on the maximum output 
power. In a first approach the heat source is located in the active region and 
the thermal resistance can be calculated from the thermal properties of the 
materials and the geometry of the device. A first comprehensive study of 
the underlying principles and facts was published in 1975 [43]. Calculations 
using more sophisticated numerical methods were published in the 1980s and 
1990s [44]. Published experimental data for the thermal resistance of broad 
area single-stripe emitters are between 5-15 K/ W depending on stripe width, 
resonator length and mounting scheme [45] . 

The impact of temperature rise on threshold and differential efficiency 
depends on the given structure and resonator quality of the diode laser con- 
sidered. It is common to describe this behavior by an exponential relation in 
the practically used temperature range 10° C to 50° C, according to [46] 



where Ahai and /tha 2 are the threshold currents at ambient temperatures Tai 
and Ta 2 ; Vdai and 77da2 are the differential efficiencies at ambient tempera- 
tures Tai and Ta 2 ; and Tq and T\ as the characteristic temperatures for the 
threshold current and the differential efficiency respectively. 

The equations describe the behavior in the pulsed regime with short pulses 
(below Ips) and at a low duty cycle (1:1000), thus neglecting the heating of 
the diode laser while it is being measured. 




( 2 ) 



and 




( 3 ) 
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The higher the characteristic temperatures Tq and Ti, the more stable is 
the operation in the CW regime at elevated temperatures. The characteristic 
temperature Tq for the threshold current roughly depends on the barrier 
height and the necessary threshold-current density, which depends for a given 
active region (QW) on the resonator losses and the optical confinement factor. 
The values for Tq are around 200 K for wavelengths at 980 nm and they 
decrease to around 140 K at 800 nm and to typically below 100 K for shorter- 
wavelength (630 nm - 760 nm) diode lasers based on GaAs. The values for Ti 
are usually a factor three to five higher. The wavelength dependence reflects 
the change of the typical barrier height. 

Using the temperature dependence of threshold and differential efficiency 
the power-current characteristic can be described approximately by the fol- 
lowing expression: 



with P the optical power, I the current, Rg the series resistance, and Vd the 
voltage across the p-n junction. 

The temperature rise of the active region is calculated as the product 
of the thermal resistance and the waste input energy (4). In Fig. 23 the 
influence of i?th on the power-current and efficiency-current characteristics 
of a single-stripe diode laser at 810 nm is shown. 

The parameters (Tq, Ti, /th, ?7d) are typical for high-power diode lasers 
in this wavelength range at room temperature. A higher thermal resistance 
does not only limit the maximum output power but also leads to a strong 
increase of the temperature of the active region. As can be seen from Fig. 23 
at 1 W output power a conversion efficiency of 50% and a temperature rise 
of 15 K can achieved for a thermal resistance of 15K/W. In the case of a 
higher thermal resistance the temperature rise is strong also increased by the 
drop of conversion efficiency at higher temperatures. Therefore, in the case 
of 55K/W the temperature of the active region rises about 110 K for IW 
output power. This demonstrates the necessity of a low thermal resistance. 
In Fig. 24 results of a similar calculation for a laser bar are shown. Due to the 
large area of semiconductor material the thermal resistance of the laser bar 
is usually sufficiently low. However, for the thermal performance of a diode- 
laser bar, heat spreading induced by the mounting scheme is of the utmost 
importance. 

3.2 Simulation of Temperature Distribution 

The temperature behavior of high-power diode lasers is investigated by mod- 
eling based on a rate-equation approach as well as the Finite-Element Method 




( 4 ) 
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Fig. 23. Calculated optical output power (left) and conversion efficiency (right) 
versus current of a typical 1 W diode laser at 810 nm; the parameter is the thermal 
resistance of the diode laser 



(FEM). The theoretical results obtained are compared with experimental 
data from laser-emission measurements (which provide information on the 
average temperature of the optically active layer) as well as micro-Raman 
facet temperature measurements. 

3.2.1 Balance-Equation Approach 

Several models have been developed for determining laser parameters such 
as the temperature dependence of threshold current, external quantum ef- 
ficiency, lasing wavelength as well as the facet-heating processes in a self- 
consistent way [47,48,49,50,51]. As an example we discuss a two-dimensional 
model which self-consistently calculates the time dependence of the axial dis- 
tribution of the photon density, carrier density and temperature profiles in 
laser diodes. The model includes a microscopic description of gain for a given 
QW structure as well as radiative and nonradiative recombination processes 
in both bulk and facet regions. It also takes into account the effects caused by 
temperature-dependent leakage currents and Joule heating (heating caused 
by the electrical resistance) in all regions of the laser structure. 

The model starts with the equations for the photon densities of laser 
waves propagating in the forward (S~^) z direction: 

f)C+ f)C + 

= r'g[Tg(ftw,n,T) - atot(n)]S^ + 10~'^Bsp(T)n‘^ , (5) 
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Fig. 24. Calculated optical output power (left) and conversion efficiency (right) 
versus current of a diode- laser bar at 810 nm; the parameter is the thermal resistance 
of the diode-laser bar 



and backward (S ) z-direction over the length of the resonator: 

dS~ dS~ 

—^ + = i'g[rg(hLo,n,T) - atot(n)]S~ + 10~^Bsp(T)n'^ , (6) 

where Vg is the group index, n is the carrier concentration, F is the optical 
confinement factor, g(huj,n,T) is the gain function, Otot is the total optical 
loss within the resonator, and Bsp(T) describes the temperature dependence 
of the spontaneous emission. The terms in (5) and (6) take into account the 
light-intensity distributions caused by stimulated emission, optical absorp- 
tion, and spontaneous emission that couples into the coherent wave. The 
gain functions g(&u,n,T), «tot and Bgp(T) are given in [50]. The boundary 
conditions for the waves are defined by the reflection coefficients at the front 
(i?i) and the rear facet (i? 2 )- 

The following relations hold: 

S+(0,t) = RiS~(0,t) 

S~(L,t) = R2S+(L,t) . (7) 

For t = 0 there are no photons within the resonator. The diffusion equa- 
tion is written as 

If = ^ + S-1 - , (8) 

where L> is the diffusion coefficient, J is the injection current density, dfc is 
the cross section of free-carrier absorption, e is the electron charge, d is the 
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thickness of the active region, and is the total carrier lifetime which is de- 
termined by processes such as Auger recombination, interface recombination 
and spontaneous emission. The carrier density is influenced by diffusion in the 
axial direction, carrier injection from the contact sheets, stimulated emission, 
free-carrier absorption, and spontaneous recombination. Additionally, surface 
recombination at the facets acts as a sink for the carriers. 

The rate of carrier recombination at the facets is assumed to be propor- 
tional to the surface-recombination velocity, r'sur, leading to the boundary 
conditions at the front facet {z = 0) and at the rear facet {z = L): 

dfi 

dfi 

where L is the length of the laser diode. 

The temperature rise of the active region is calculated by a modified heat- 
conduction equation 



dT 



Pm Cn .... — k’ 



d^T 



+ q{n, t) - 7 (T - Ths) 



( 10 ) 



where pm is the mass density, Cp is the specific heat capacity, kz is the thermal 
conductivity within the resonator along the z-axis and Ths is the temperature 
of the heat sink where the diode is mounted. The function q describes the 
power density of heat production by Auger recombination which is propor- 
tional to the cube of the carrier density n^. The last term in (10) phenomeno- 
logically describes the thermal coupling between the semiconductor chip and 
the heat sink. The numerical value of the parameter 7 is assumed to be 
that value for which the calculated steady-state temperature of the resonator 
reproduces the experimental values obtained from the emission-wavelength 
measurements [52]. The boundary conditions for (10) are determined by the 
assumption that for each electron-hole recombination act a specified amount 
of energy is dissipated which equals the band gap energy at the facets. 
Thus the heat flux density is the product of and the recombination rate 

dT 

dT 

^^~dz{Tj~~^ — .^q^sur^(A, t) . (H) 



The surface-recombination velocity ^'gur is a key parameter in the model, 
quantifying the influence of the quality of the facets on the temperature 
change of the facet region. Auger recombination acts as a bulk heat source. 
Optical coupling between individual emitters of the array, appearing at high 
injection currents, is neglected. The system of coupled nonlinear partial dif- 
ferential equations is solved by a modified relaxation technique described 
in [53,54]. 
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Figure 25 shows the photon density S, the carrier density n, and the 
temperature T of the active region along the 2 ; axis for a typical high power 
laser design with a cavity length of 600 pm. The profiles are calculated for 
injection currents of 0.7 A, 1.2 A and 1.7 A and for a low surface recombination 
velocity of 5 x lO^cm/s. A range around 15 pm at each facet is excluded 
from the figure. Otherwise, the steep profiles close to the facets would hide 
the relatively low variations inside the cavity. The distribution of photon 
density, is asymmetric due to the different reflection coefficients of the facets. 
Stimulated recombination of carriers is strong within regions of high photon 
density resulting in a lower carrier density there [55,56]. Consequently, the 
profiles of carrier density (central part of Fig. 25) exhibit a spatial profile 
opposite to the photon density (top). In contrast to the facets, the internal 
regions of the resonator are mainly heated by Auger recombination. The 
temperature distribution follows the profile of the carrier density (bottom). 
As a consequence, the temperature within the resonator near the rear facet 
is higher than in the respective region near the front facet. 

Temperature profiles in the region close to the facets are shown in Fig. 26. 
The curves were calculated for an injection current of 0.7 A (/th = 0.5 A) and 
for two different values of the surface recombination velocity. At low i^sur 
values the higher temperature is surprisingly found at the rear facet (cf. 
dotted line in Fig. 26). In this case the optical gain remains positive within 
the facet region; therefore no additional reabsorption occurs. However, this 
does not take place when lygur approaches 5 x 10®cm/s or becomes even 
higher and a formation of an absorbing region close to the mirrors becomes 




Resonator length (gm) 



Fig. 25. Axial distribution 
of photon density, carrier 
density and temperature of 
a DQW-AlGaAs/GaAs laser 
diode for three injection cur- 
rents. Facet regions are ex- 
cluded 
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relevant. Reabsorption causes an additional heating source which is stronger 
at the front facet because of the higher photon density there. 

The influence of i/gur on the heating of both facets is shown in Fig. 27, 
where the temperature rise is plotted versus Vsur- The temperature of the 
rear facet is higher than that of the front facet for lower values of the surface 
recombination velocity (lower than 2 x lO^cm/s) and no reabsorption in the 
facet region occurs. However, at i/sur > 2 x 10®cm/s the temperature of the 
front facet exceeds the rear facet temperature. This is due to the formation 
of the absorbing region when the gain becomes negative. Now, the higher 
photon density at the front facet causes the stronger heating of this facet. 
According to the calculations, COMD is expected at the rear or front facet 
depending on operation conditions and the value of surface recombination 
velocity. 

Now the model calculations are compared with experimental values of 
facet temperatures obtained by micro-Raman spectroscopy. The solid line 
in Fig. 28 gives the result of the calculation assuming a surface recombina- 
tion velocity value of i/sur = 5 x lO'^cm/s. The squares are facet temper- 
atures determined at a single emitter in the center of the emitting area of 
a array structure. Facet-temperature measurements on different emitters of 
multi-stripe arrays demonstrate a variation of the facet temperatures which 
correlates with the near-held intensity distribution [.57]. Good agreement be- 
tween calculation and data (Fig. 28) was only found on ‘fresh’ diode lasers. 
After a certain operation time at high output power the devices show higher 
facet temperatures, i.e. the front-facet temperature cannot be described by 
assuming exclusively intrinsic heating mechanisms such as reabsorption due 
to thermal band-gap shrinkage. Thus, additionally, extrinsic processes such 
as formation of absorbing defects must be relevant. 




Fig. 26. Profiles of temperatures in a 50 pm region of both facets for high- and 
low-snrface recombination velocity. Front facet AR coated, rear facet HR coated 
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Fig. 27. Calculated facet temperature as a function of surface recombination ve- 
locity of a qnantum well AlGaAs/GaAs laser-diode array 




Fig. 28. Calculated {solid line) and measured {symbols) temperature of the front 
facet of a GaAlAs/GaAs laser diode versus injection current with a surface recom- 
bination velocity of 5 x 10^ cm/ s 



3.2.2 Finite-Element Modeling 

Numerical simulations of temperature distributions in diode lasers by Finite- 
Element Modeling (FEM) are an efficient tool for the optimization of the ther- 
mal properties [58,59,60,61]. A variation of parameters of the semiconductor- 
chip architecture as well as different thermal architectures of the heat sink 
allow us to get an insight into the processes determining the thermal behavior 
(see also Sect. 3.1). 
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Steady-state two- and three-dimensional as well as time-dependent FEM 
computations of temperature distributions in diode lasers were carried out for 
AlGaAs/GaAs 808 nm and GalnAs/GaAs 940 nm high-power diode lasers. 
The applicability of the FEM method was tested by comparing its results 
with analytical solutions of the heat-conduction equation [60]. Thermal de- 
vice modeling usually considers strongly localized heat sources such as the 
p-n junction region of the diode where the main pump-power consumption 
occurs. Based on ‘distributed heat sources’ [62] a refined approach is intro- 
duced. In addition to ohmic and p-n junction losses this treatment includes 
ultrafast heat-transfer processes by photons, e.g. by reabsorption within the 
structure and subsequent radiationless recombination. Such a model requires 
knowledge of the contributions of all radiative (stimulated and spontaneous 
emission) and nonradiative mechanisms (Auger, interface recombination) as 
calculated from the balance-equation approach (see Sect. 3.2). The recombi- 
nation mechanisms are temperature-dependent and discussed in detail in [62]. 
These numerical results of the rate-equation model are used as input param- 
eters for the FEM in order to consider the heating caused by reabsorption of 
spontaneous emission. The thermal analysis was based on the FEM programs 
PATRAN 3/MacNeal-Schwendler installed on a workstation. The key issue 
of all FEM work is the appropriate choice of the FEM grid. For modeling 
thermal transients of array structures, this problem is of particular signifi- 
cance: the smallest dimension (the width of the quantum wells is 6-10 nm) 
is 6 orders of magnitude smaller than the lateral width of the laser bar. This 
requires a high aspect ratio in the finite-element calculations. But this ratio is 
limited for reasons of numerical stability. An equidistant three-dimensional 
grid with the lowest grid size of few nanometers width would exceed the 
potential of current computer systems. Therefore, most computations were 
done as two-dimensional simulations with an element size of 10 nm x 1 pm 
neglecting effects in the z-direction along the resonator axis. This grid size 
was increased step by step in order to find to which extent element sizes can 
be enlarged without significant changes of the simulation results. Methodical 
investigations show the finite-element dimension without significant changes 
in the calculated values must to be chosen lower than 90 nm [61,62]. This en- 
sures that the temperature error as compared to calculations with 10 nm el- 
ement size does not exceed 5%. The relative temperature error considering 
temporal heat variation is even smaller. For the solder and the different heat 
sinks and heat spreaders, element sizes have been varied from 1 pm x 0.2 pm 
to 200 pm X 200 pm. The complete grid of a ‘20 stripe array’ (without heat 
spreader) on a copper heat sink contains at least 13 210 nodes. This num- 
ber is increased according to the geometry when ‘cm-bars’ or different heat 
spreaders are considered. In this way significant model simplifications of the 
investigated diode-laser structures were possible. 

Figure 29 illustrates the effect caused by the introduction of the concept 
of distributed heat sources into the model. Temperature profiles of an array 
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Lateral distance (tjm) 

Fig. 29. Lateral temperature distribution along a 20-stripe laser array for different 
injection currents. Dashed line: p-n junction losses concentrated within the active 
region only, full line: p-n junction losses with distributed heat sources 



emitting 1 W at 808 nm wavelength are calculated for different operating 
currents. Dashed lines mark the conventional approach, whereas the full line 
depicts profiles taking into account the distributed heat sources. Note the 
smoothing effect which was experimentally verified [57]. 

Transients of bulk and facet temperatures are also modeled by FEM. 
Here again the temperature-dependent loss processes in the active region, 
which are calculated with the balance-equation approach, are included [50]. 
For a given laser-array architecture the influence of different heat-spreader 
materials such as copper, silicon and diamond on the transient active-layer 
temperature of the diode laser is calculated [63]. These numerical results 
are presented in Fig. 30. They are compared with averaged temperatures of 
the active layer obtained by spectral emission measurements [62] which are 
given as symbols. In the time window between 10 ns and several ps the tem- 
perature transient is exclusively determined by the design and the thermal 
properties of the semiconductor-laser array. Different kinds of packaging do 
not significantly influence the thermal behavior. In the next time window 
between several ps and some ten to hundred ms the heat flows away from 
the p-n junction and the temperature rises strongly. At some 100 ms a nearly 
steady-state thermal distribution is reached, which is characterized by the 
CW temperature. For larger array structures such as ‘cm-bars’ these charac- 
teristic time windows are shifted, with the equilibrium state being reached 
after seconds [63]. 

The COMD is one of the mechanisms limiting the lifetime of high-power 
diode lasers. It is a result of reversible (e.g. thermal energy-gap shrinkage) and 
irreversible (defect creation) microscopic processes at the facets. All COMD 
scenarios include a continuous increase of the front-facet temperature due to 
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Fig. 30. Temperature transients of DQW-AlGaAs laser array mounted on different 
heat spreaders. Symbols: experimental values, full line: FEM calculations 



an interplay of surface recombination, heating and increased interband re- 
absorption due to energy-gap shrinkage. Finally, this positive-feedback cycle 
(thermal runaway model of COMD) leads to damage or even facet perforation 
(see also Sect. 2.5). Therefore facet-temperature measurements under high- 
power operation can provide more insight into failure mechanisms [55,64]. 
Results of FEM calculations (lines) and micro-Raman temperature measure- 
ments (full symbols) are given in Fig. 31. Averaged active-layer temperatures 
obtained from emission data are added as open circles. Note that the full cir- 
cles represent facet temperatures of the ‘fresh’ device, whereas the triangles 
are data obtained from the same device after 50 h of operation. The dotted 
line gives the FEM result assuming uniform heat-source distribution along 
the z axis. The excellent agreement between the open circles and the FEM 
results indicates that only a few percent (less than 10%) of the total power 
is consumed at the facets. The dashed lines were obtained by FEM assuming 
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Fig. 31. Facet tempera- 
ture (front facet) as a 
function of injection cur- 
rent (FEM and micro- 
Raman data). Full circles'. 
‘fresh’ diode laser; trian- 
gles'. diode laser after 50 h 
of operation at a current 
of 2 A; dotted line: heat 
production uniformly dis- 
tributed along the whole 
resonator; dashed lines: 
FEM computations with 
the given percentage of 
heat production concen- 
trated in the facet region 



that a certain percentage (given in Fig. 31) of the total heat power is con- 
centrated as a two-dimensional heat source within the facet. Note that the 
3 — 4% difference between the Raman facet temperatures before and after 50 h 
of operation (triangles and full circles) can only be understood assuming that 
the total laser-power reduction of 3.2% solely contributes to the facet-heating 
effect. Thus, the key role of the facets is also demonstrated for high-power 
diode-laser arrays. Furthermore, it is shown that numerical simulation with 
FEM is a good approach to optimize thermal device management. 

3.2.3 Reliability 

State-of-the-art high-power diode lasers have a lifetime of some thousand 
hours. Nevertheless, reliability issues are still a matter of concern limiting 
their practical use as promising radiation tool. 

Standard device-test methods, such as statistical reliability tests for 
constant-power or constant-current operation, are applied for quantifying 
the aging behavior of high-power diode lasers [65,66,67]. Improvement of 
device performance, however, requires insight on a microscopic scale into the 
processes occurring within the device during aging especially in the case of 
operation under high thermal load. Destructive preparative methods, such 
as photoluminescence mapping of aged high-power diode-laser arrays after 
removing the substrate, provide valuable insight into aging scenarios [68]. 

In order to reduce the costs of testing, additional nondestructive test 
methods are required, e.g. optical methods that allow device diagnosis be- 
fore and after certain aging steps. Among others, photocurrent (PC) spec- 
troscopy meets specific demands of aging analysis in relatively large devices 
such as cm-bars. It turned out that photocurrent spectra are strongly af- 
fected by gradual aging processes [69]. The basic principle of this method is 
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Fig. 32. Photocurrent spectra of an AlGaAs/GaAs high-power diode laser (top) 
and the aging pattern {bottom) 



quite simple. The high-power diode laser itself serves as detector. Thus the 
photocurrent spectrum reflects the spectral characteristics of this device. Fig- 
ure 32 shows photocurrent spectra from a high-power diode laser before and 
after 100 h of regular operation which reduced the output power by about 3% 
(top) . The ratio of photocurrent signals measured before and after aging pro- 
cesses is called the ‘aging pattern’ (bottom). These patterns are very typical 
for a given laser design and allow us to choose special wavelengths where the 
spatial distribution of aging effects such as defect accumulation or increased 
surface recombination can be monitored by the Laser-Beam-Induced-Current 
(LBIC) technique [70]. 

Figure 33 shows deep-level LBIC line scans of an Al-free 20-stripe array 
as a cm-bar emitting at 808 nm wavelength measured with an excitation 
wavelength of 940 nm, i.e., 215 meV below the effective energy gap of the 
structure. The grid lines separate the positions of the emitters. Note the 
photocurrent minima for the ‘fresh’ devices in the center of the emitters, 
where the contact stripes are located. This is due to surface damage at the 
emitter center during burn-in. After 770 h of high-power operation defect 
accumulation and hence increased defect absorption at the positions of the 
emitter centers relatively overcompensate the current lows into current highs. 
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Fig. 33. LBIC scans along the front facet of an 808 nm emitting Al-free cm-bar 
array. The excitation wavelength was 940 nm. Thus only defect centers were excited 
and contribute to the signal 



Mapping techniques are of special interest for high-power device analysis as 
they help to locate the starting points of device-degradation processes. 

The Near-held Optical-Beam-Induced-Current (NOBIC) technique is the 
extension of the LBIC technique to a spatial resolution on the order of 100 nm, 
i.e. beyond the diffraction limit [71]. The application of the NOBIC technique 
to high-power diode-laser arrays allows aging analysis of the epitaxial layer 
along the growth direction of the epitaxial process. Thus, the spatial distri- 
bution of defects can be determined on a nanoscopic scale by exciting their 
absorption bands [72] . 

PC spectroscopy in the spectral region below the effective energy gap of 
the structures is feasible using a Fourier- Transform (FT) spectrometer as ex- 
citation source and for data processing. Thus a new kind of optical deep-level 
spectroscopy in devices became available [73] . Defect-generation dynamics of 
various deep levels in devices have been monitored versus operation time. 
It was demonstrated that different aging conditions, such as regular opera- 
tion and accelerated aging, are responsible for different dynamics of defect 
generation in high-power diode lasers [73,74]. 

3.3 Recent Results 

Research on high-power diode lasers has considerably enhanced the optical 
output power per stripe width in the last years. However, not only do ‘record’ 
values, verified in most cases at temperatures slightly below room tempera- 
ture, climb to new highs but there is also much work done towards higher 
reliability. Steady improvements in various respects as described in the pre- 
ceding sections are responsible for the progress high-power diode lasers have 
experienced a number of additional applications. These improvements include 
the utilization of strained quantum wells for lower threshold-current density 
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and higher internal efficiency as well as the use of waveguide structures with 
broadened near fields and of Al-free waveguides to reduce the facet load. In 
addition to these more fundamental aspects published in the literature, of 
course there are lots of measures addressing improvements in crystal growth, 
in handling and processing, in facet passivation, etc. which are intellectual 
property not reported in the current literature but likewise crucial for laser 
performance, especially for reliability. 



Table 4. Output power P of high-power diode lasers of various wavelengths A and 
various apertures W and resonator lengths L 



A (nm) 


P (W) 


W (pm) 


Ta C C) 


L (pm) 


Waveguide material 


Year 


670 


1.3 


40 


RT 


1200 


AlInGaP 


1999 [75] 


730 


7.0 


100 


10 


4000 


AlGaAs 


1999 [76] 


810 


5.3 


100 


5 


1230 


InGaAsP 


1991 [77] 


810 


8.8 


100 


10 


1250 


InGaP 


1998 [78] 


810 


8.5 


100 


20 


1800 


AlGaAs 


1998 [79] 


840 


7.3 


55 


10 


1500 


AlGaAs 


1998 [80] 


870 


11.3 


100 


10 


1500 


AlGaAs 


1998 [81] 


915 


10.9 


100 


10 


2000 


AlGaAs 


1998 [82] 


970 


9.3 


100 


10 


2000 


AlGaAs 


1997 [83] 


970 


10.6 


100 


10 


2000 


InGaAsP 


1998 [84] 


980 


6.0 


100 


RT 


500 


InGaAsP 


1998 [85] 



In this section we focus on single emitters. Table 4 summarizes recent 
achievements with respect to optical-output power which we consider im- 
pressive if one takes into account the small size of a single-stripe high-power 
diode laser as compared to solid-state or gas lasers. We will not evaluate the 
presented device performance as it differs in various features such as vertical 
divergence, lateral far-field width, temperature stability, conversion efficiency, 
and lifetime expectation for the relevant applications. It is obvious that the 
‘record’ values have been achieved only recently, demonstrating the efforts 
undertaken to exploit the potential of high-power diode lasers in the laser 
marketplace. 

Record values achieved with very long resonators are primarily of aca- 
demic interest, nevertheless demonstrating future potential. Short diode 
lasers with good reliability yielding output powers of 1 W to 2 W at 100 pm 
stripe width are preferred due to higher wafer yields and lower production 
costs. From a practical point of view, the 6 W output power achieved with 
a relatively short resonator length of only 500 pm (last row of Table 4) is 
remarkable. In Fig. 34 the power-current characteristics of this diode laser 
are shown. The high conversion efficiency of 60% at an output power of 1 W 
is impressive. 

Highest output powers of more than 10 W for 100 pm stripe width could 
be achieved in the wavelength range between 870 and 980 nm. These struc- 
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Fig. 34. Power-current characteristics 
of a high power Al-free diode laser with 
a resonator length L = 500 |j,m; emis- 
sion wavelength A = 960 nm. (Reprinted 
with permission from: D. Botez: 6W 
CW front facet power from short-cavity 
(0.5 mm), 100 p,m-stripe Al-free 0.98 )j,m- 
emitting diode laser, Electron. Lett. 33, 
2037-2039 (1997) [85]) 



0 1 2 3 4 5 6 7 

Current (A) 



tures benefit from the quality of strained GalnAs quantum wells and the 
higher barriers as compared to shorter-wavelength diode lasers. In the peak 
power there is practically no difference between Al-free and AlGaAs wave- 
guide structures. The AlGaAs structures have a longer tradition and are 
easier to grow but processing, especially mirror passivation, seems more dif- 
ficult than for Al-free structures although very long lifetimes have also been 
demonstrated for diodes with Al-containing material. 

In the wavelength range around 800 nm the maximum output power that 
has been reached so far is nearly 9 W for a stripe width of 100 pm. This out- 
put power is somewhat lower than that for longer-wavelength devices due to 
a lower GOMD level. Similar to the longer-wavelength diode lasers there is no 
difference in peak power between AlGaAs and Al-free structures. Reliability 
tests and commercial devices at output powers over 1 W per front facet for 
100 pm stripe width are available only for AlGaAs structures until now [84]. 
Since higher barriers are achievable, the temperature stability is higher for 
AlGaAs waveguides compared to GalnP or GalnAsP waveguides. In Fig. 35 
the power-current characteristics of a diode laser with an AlGaAs structure 
and a tensile strained GaAsP quantum well is shown for different tempera- 
tures [85]. At a temperature of 85° G an output power of more than 3 W from 
60 pm stripe width was demonstrated. Gonsidering the conversion efficiency 
of about 45% and a thermal resistance of about 12K/W of the diode laser 
the temperature of the active region rises to more than 120° G. 

With an AlGaAs structure at a wavelength of 840 nm, promising lifetime 
data were demonstrated for an output power of 22 mW / pm (1.2 W per 55 pm 
stripe width) at a heat-sink temperature of 60° G. Hence, driving high-power 
diode lasers at elevated temperatures has some potential [86]. 
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Fig. 35. Temperature dependence of power-current characteristics of a high-power 
LOC-AlGaAs diode laser; emission wavelength A = 810 nm 



At the shorter wavelengths below 700 nm the maximum output power 
drops to 3 W per 100 pm stripe width. The optical output power is three 
times lower than in the longer- wavelength region. This ratio hold also for 
single-mode diode lasers with a small stripe width of 3-5 pm. At 800 nm 
and 980 nm reliability has been demonstrated for output powers of 200 mW 
to 300 mW [42] whereas for the red-emitting diode lasers good results have 
been obtained only for an output power between 50 mW and 100 mW [87]. 

As mentioned above the ‘record’ values which have been achieved recently 
also demonstrate the very high potential for further improvement, and finally 
reliable single-stripe emitters at power levels around 5 W per 100 pm stripe 
width and over 100 W for laser bars should be achieved. 



List of 


Symbols 


O^tot 


Total optical losses within the resonator 


a[ 


Absorption losses 


Bsp 


Spontaneous emission coefficient 


Cp 


Specific heat capacity 


d 


Thickness of active layer 


d-QW 


Thickness of quantum well 


AX 


Wavelength tolerance 


AT 


Temperature difference 


e 


Elementary charge 
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i?q Band-gap width 

ryd Slope efficiency 

?7da Internal efficiency at ambient temperature (Ta) 

r]i Internal efficiency 

Go Material gain coefficient 

3, ffmax Optical gain, maximum of optical gain 

r Confinement factor 

FGq Modal gain coefficient 

7 Parameter for thermal coupling of semiconductor to heat sink 

h Planck’s constant {h = h/2'K) 

huj Energy of emitted laser photons 

I Current 

I Injection current density 

7th Threshold current 

7tha Threshold current at ambient temperature (Ta) 

jT Transparency current density 

kz Thermal conductivity 

A Wavelength 

L Cavity length 

n Carrier density in active region 

N Number of quantum wells 

P Optical output power 

T^in Input power (electrical) 

q Power density of heat production by Auger recombination 

i?i , T ?2 Reflection coefficients of front and rear facets 
7?s Series resistance 

7?th Thermal resistance 

Pm Mass density 

S~^, S~ Photon density of forward and backward propagating 
laser waves 

To Characteristic temperature for the threshold current 

Ti Characteristic temperature for the differential efficiency 

T Temperature 

Ta Ambient temperature 

Ths Heat-sink temperature 

t Time 

Te Total carrier lifetime 

0± Vertical far-field angle 

r'g Group velocity index 

r'sur Surface recombination velocity 

V Volume of active zone 

Vd Voltage across the p-n junction 

W Ridge or mesa width 

z Axial coordinate 
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Abstract. An overview of recent developments in the held of high-power, high- 
brightness diode-lasers, and the optically nonlinear conversion of their output into 
other wavelength ranges, is given. We describe the generation of continuous-wave 
(GW) laser beams at power levels of several hundreds of milliwatts to several watts 
with near-perfect spatial and spectral properties using Master-Oscillator Power- 
Ampliher (MOPA) systems. With single- or double-stage systems, using amplihers 
of tapered or rectangular geometry, up to 2.85 W high-brightness radiation is gen- 
erated at wavelengths around 810 nm with AlGaAs diodes. Even higher powers, up 
to 5.2 W of single-frequency and high spatial quality beams at 925 nm, are obtained 
with InGaAs diodes. We describe the basic properties of the oscillators and am- 
plihers used. A strict proof-of-quality for the diode radiation is provided by direct 
and efhcient nonlinear optical conversion of the diode MOPA output into other 
wavelength ranges. We review recent experiments with the highest power levels 
obtained so far by direct frequency doubling of diode radiation. In these experi- 
ments, 100 mW single-frequency ultraviolet light at 403 nm was generated, as well 
as 1 W of single-frequency blue radiation at 465 nm. Nonlinear conversion of diode 
radiation into widely tunable infrared radiation has recently yielded record values. 
We review the efhcient generation of widely tunable single-frequency radiation in 
the infrared with diode-pumped Optical Parametric Oscillators (OPOs). With this 
system, single-frequency output radiation with powers of more than 0.5 W was gen- 
erated, widely tunable around wavelengths of 2.1 |j,m and 1.65 ]un and with excel- 
lent spectral and spatial quality. These developments are clear indicators of recent 
advances in the held of high-brightness diode-MOPA systems, and may empha- 
size their future central importance for applications within a vast range of optical 
wavelengths. 



What has attracted scientists and engineers most about lasers is, certainly, 
that strongly directed and monochromatic light beams can be generated with 
high power. Such radiation with high spatial beam quality and narrow spec- 
tral bandwidth is commonly termed high-brightness radiation. The general 
properties of diode lasers, i.e. small size, robustness, potentially low costs, and 
their high wall-plug efficiency have so far been the central issues in designing 
diode lasers for applications. Diode lasers with low brightness, though with 
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high power, have become important sources of radiation. The low brightness, 
however, limits their use to relatively coarse applications which do not exploit 
the main property of a laser - its coherence. Typical examples are high-power 
diode-lasers designed for pumping solid-state lasers, or diode-lasers for ma- 
terials processing. 

On the other hand, it is essentially the brightness of radiation which 
makes the key difference between a lamp-like source and a laser source. It is 
well known that powerful diode-laser radiation with high brightness would 
open new possibilities of applications. Examples are free-space communica- 
tions, micro-machining, and high-speed, high-resolution printing. In addition 
the output from powerful high-brightness diode-lasers is suitable for a di- 
rect frequency conversion into new wavelength ranges by optically nonlinear 
crystals. Efficient generation of ultraviolet and visible beams is of high inter- 
est for holographic data storage, deposition process control, or laser display. 
Near- and mid-infrared output in wavelength ranges not directly accessible 
with diode-lasers is of high relevance for sensitive trace gas detection or gas 
monitoring in chemical or power plants. These possibilities have long since 
been realized and have thus initiated intense international research and de- 
velopment with the goal to provide advanced high-power diode-lasers with 
high brightness. This review is therefore devoted to such lasers, to charac- 
terize, understand and optimize their properties and to investigate a direct 
nonlinear application. 

Most of the laser oscillators that have long formed the basis of laser 
technology, such as Ar-ion lasers or single-frequency solid-state lasers, nat- 
urally emit Continuous- Wave (CW) light of high brightness. Ironically this 
is the case because the named oscillators are low-gain devices, i.e. the light- 
amplification factor per resonator roundtrip is on the order of one percent. 
In such lasers the low gain is compensated by an optical resonator of cor- 
respondingly low loss, so-called high-Q resonators. To provide a lower loss 
per roundtrip than gain, the resonator mirrors have to be coated for a high 
reflectivity. This results on the order of about 100 roundtrips of the light 
before output coupling. Additionally, the mirrors have to possess a proper 
curvature, fitting their distance, to make sure that no light spills over the 
edges of the mirrors even after a large number of roundtrips. Such resonators 
are called optically stable [1]. Due to the high number of roundtrips it is the 
resonator which defines the spatial distribution of light inside the laser and 
thus also the shape of the output beam. The beam inside such a low-gain laser 
with a stable resonator is of Gaussian-Hermite or Gaussian-Laguerre shape, 
and such lasers emit a so-called Gaussian beam [2,3]. Given a high number of 
roundtrips, weak spatial filtering inside the resonator is very effective to re- 
strict laser oscillation to the lowest-order Gaussian mode, which corresponds 
to the maximum spatial quality a light beam can attain. Similarly, even weak 
intracavity spectral filtering, such as by Lyot filters or etalons, is very effective 
to restrict the optical-emission spectrum to a single frequency. In summary. 
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a laser beam with high spatial and spectral quality is the result of resonator 
properties, i.e. its spatial and spectral filtering effect during a high number 
of roundtrips. The gain medium merely acts to sustain the oscillation of light 
in a preferred mode which experiences the lowest loss. 

The situation becomes different if high output power is to be generated 
while maintaining a high spectral and spatial quality. In general, the spatial 
and spectral properties deteriorate as the output coupling is increased for 
more efficiency and the oscillator is simply pumped harder for more output. 
The reason for this behavior is that the radiation now performs only a small 
number of roundtrips before output coupling. As a result the maximum out- 
put tends to be emitted in undesired directions and at undesired frequencies. 
These are the directions and frequencies experiencing the maximum gain- 
length product in a single or a few passes. In short, high gain in a laser 
reduces the influence of the resonator, its contribution to spatial and spectral 
filtering, and thus the brightness of the output beam. 

Diode lasers are usually high-gain oscillators. Accordingly, it is difficult 
to control their spatial and spectral properties. Diode lasers offer roundtrip 
gains in the range 10^ to 10® and are thus operated with correspondingly 
high roundtrip losses of more than 99%. A second complication, making 
the generation of high-brightness radiation particularly difficult with high- 
power diode-lasers, is the strong optically nonlinear response of the amplify- 
ing semiconductor material. An investigation of these effects in high-power 
diode-lasers and amplifiers in its full complexity is presented in this book by 
Gehrig and Hess. A more phenomenological picture of such effects and its 
consequences is used by Mikulla. Both approaches aim on gaining valuable 
information on how to optimize the brightness of such lasers by an improved 
design. 

Nonlinear effects in laser diodes are described, e.g., in the books of Peter- 
mann [4] or Agrawal [5]. Here we give just a brief and simplified review. The 
refractive index in the diode laser increases with decreasing charge-carrier 
density through the Henry factor, an. Since the carrier density is reduced 
by stimulated emission, this corresponds to an intensity-dependent refractive 
index. In low-power single-frequency diode oscillators this is of less impor- 
tance for the spatial quality of the output because here the light is confined 
in a narrow (single spatial mode) optical waveguide. One merely observes a 
slight broadening of the spectral bandwidth of the laser [6]. In high-power 
diodes (diode arrays, broad-area diodes, or diode amplifiers), which generally 
do not have such a confinement, the intensity-dependent index can lead to 
self- focusing, seen as an increasing distortion of the output beam with in- 
creasing power. At sufficiently high power densities the internal light field 
starts to form filaments which quickly lead to a destruction of the laser. This 
is true for diode-lasers which provide output powers well above 100 mW such 
as diode arrays and broad-area diodes, as well as for diode bars and stacks 
with even higher powers. Radiation with high spectral and spatial quality is 
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available only from single-stripe lasers, which are low-power oscillators deliv- 
ering a maximum output of 100 mW. In conclusion, achieving high-brightness 
radiation from diode-lasers requires specific methods which combine the high 
quality of radiation available from single-stripe lasers with the large quantity 
of radiation from high-power diodes. 

This review concentrates on the recently developed diode Master-Oscilla- 
tor Power- Amplifier (MOPA) systems which generate CW output beams with 
high brightness. Advanced prototype diode amplifiers have already shown 
several watts of CW output with an excellent spatial quality. AlGaAs and 
InGaAs diode amplifiers with lower power of typically 500 mW and 1 W at 
wavelengths around 810 nm and 980 nm, respectively, have been commercially 
available for several years [7]. Here, we report on 810 nm AlGaAs systems 
with higher output powers of up to 2.85 W. Improved MOPA systems based 
on InGaAs will be presented, which deliver more than 5W at wavelengths 
around 925 nm. 

In Sect. 1 we review current techniques to measure the spatial beam qual- 
ity of a diode-laser beam. Section 2 gives an overview of the properties of 
low-power diode oscillators as they are used for the different MOPA sys- 
tems described here. Section 3 presents the properties of standard high-power 
diode-lasers with low brightness and summarizes the main techniques that 
have been investigated so far for a better spatial and spectral control. The 
following Sect. 4 gives a general description of diode-MOPA systems. Exam- 
ples of multi-watt systems based on GaAlAs (emitting at 810 nm) and based 
on InGaAs (925 nm) will be presented in Sects. 5 and 6. The final Sect. 7 re- 
views recent experiments on direct and efficient nonlinear conversion of diode- 
MOPA radiation, made possible by the high brightness of the diode output. 
We describe examples of CW ultraviolet and visible second-harmonic gener- 
ation with output powers reaching the 1 W level, and hundreds-of-milliwatts 
widely tunable CW single-frequency IR generation using diode-pumped Op- 
tical Parametric Oscillators (OPOs). Such power levels have so far been the 
exclusive domain of powerful solid-state lasers. 

1 Beam Quality 

Of highest importance for the application of a diode-laser are the spatial 
properties of the output beam. An overview of various ways to quantify the 
spatial quality of laser beams, such as via the diffraction parameter, 
Power-In-the-Bucket [PIB], Strehl’s ratio, Times-Diffraction-Limit number 
[TDL], and beam-quality number, as well as a comparison, can be found 
in [8] . An ideal laser with a stable, high-Q resonator would generate the well- 
known Gauss-Laguerre or Gauss-Hermite modes [9]. A unique property of 
such modes is that in their lowest order they describe a laser beam with a 
Gaussian intensity distribution in both transverse dimensions at any point 
along the beam [2]. It can be shown that such lowest-order modes represent 
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light with the highest possible spatial beam quality in a particular sense: 
focusing of the beam generates the smallest beam cross section in the focus, 
and with a given focal cross section a Gaussian beam possesses the lowest 
divergence upon propagation. The term ‘beam quality’ is widely used by 
experimentalists, however, in many cases lacking an appropriate definition. 
Moreover, even with a well-defined expression of beam quality, this may be 
valid or useful only for a certain purpose. This can be seen, e.g., by consider- 
ing frequency doubling of light in a single pass through an optically nonlinear 
crystal [10]. If one focuses the fundamental beam through the crystal with 
a Bessel-function-shaped transverse-intensity distribution, one may expect a 
higher conversion efficiency than with a Gaussian beam [11], although con- 
trary results have also been presented [12]. A Gaussian beam can be perfectly 
mode-matched into a stable, high-Q power enhancement resonator because 
it is the eigenfunction of such resonators. Therefore, the conversion efficiency 
of second-harmonic generation with a nonlinear crystal placed inside such a 
cavity for power enhancement is highest with a Gaussian fundamental beam. 

Having the choice between different definitions of beam quality, one should 
also consider that these definitions characterize a beam in different details. A 
complete characterization of a laser beam is achieved only by a measurement 
of the two-dimensional intensity and phase distribution across some plane 
through which the beam propagates. This reference plane can be chosen for 
convenience because the intensity and phase distribution of the beam in any 
other plane behind (or in front of) the reference plane can be calculated using 
Huygen’s diffraction integrals [1,2]. Although this characterization of a beam 
provides the maximum information, it is clearly not very practical. A large 
amount of data is to be recorded and processed, before even a simple result 
is obtained, such as the beam diameter or a divergence angle at some other 
plane, say downstream behind a lens. This explains why, in practice, it is 
generally more useful to apply simpler methods of characterization, even if 
they provide only limited information on the beam. 

A particularly practical specification of beam quality was common in the 
initial experiments to improve the spatial quality of the radiation from diode- 
laser arrays by various methods, such as by external cavities or injection 
locking [13]. In such experiments, a measure of beam quality was obtained 
as follows. The Full-Width-at-Half-Maximum (FWHM) diameter do of the 
beam intensity is measured at a sufficiently large distance D from the emitting 
facet, called the far field. The corresponding (FWHM) divergence angle cal- 
culated from 0D = do / D can then be compared to the theoretical minimum 
value of far- field divergence, 9th- The latter value is estimated from the trans- 
verse width of the active area in the facet, as specified by the manufacturer, 
assuming a specific intensity distribution in the facet and a monochromatic 
wave with specific phasefronts in the emitting area. As an example, a rectan- 
gular, 200 pm = do-wide facet emitting a plane wave with 810 nm wavelength 
would diffract into a sinc^-shaped angular distribution in the far field, with 
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a divergence angle (FWHM) of 0th = x A/do = 0.20°. As a figure of 

beam quality, the ratio of 0 d and 0th gives the TDL number, i.e. how many 
times diffraction-limited the observed beam is. The advantage of this method 
is its simplicity and that it quickly gives a realistic impression of the beam 
quality. Due to the underlying uncertainties, however, such as assuming a 
specific intensity and phase distribution in the facet plane, the TDL number 
remains merely a coarse estimate of beam quality. 



1.1 The Diffraction Parameter NP' 

A highly general method to quantify beam quality is based on the second mo- 
ments cr^ and (Ty of the transverse intensity distribution [14,15,16,17]. This 
moment is determined by integrating the transverse intensity distribution 
at some point z along the beam, weighted with the square of the distance 
from the beam axis, and normalizing to the total power in the beam. Defin- 
ing W = gives an effective 1/e^-radius which can be determined for 

any beam, i.e. also for real, arbitrary, nongaussian beams. The radius can be 
evaluated along z in both of the two transverse dimensions, x or y, yield- 
ing lTa;(z) or Wy(z). These radii are of particular importance because they 
can be used to describe an important invariance of any light beam under 
propagation. Consider the transverse dimension x. It can be shown that Wx 
varies hyperbolically with z, i.e. 



W^(z) = 




( Z - Zqx 

V ZRx 



( 1 ) 



where Wqx is measured in the waist (focus plane) of the beam at loca- 
tion zqx- zrx is the Rayleigh length describing the length of the focus, i.e. 
at what distance from the waist the radius increases by a factor of -\/2. A 
corresponding equation is valid in the y dimension. 

A replacement of Wqx and zrx in (1) with the 1/e^-power beam ra- 
dius wq of the Gaussian beam with wavelength A and its Rayleigh length zr = 
7t/(wqA), respectively, shows that the radius of an arbitrary, real beam, de- 
fined via the second moment, propagates much like the beam radius of a 
Gaussian beam with only a slight difference: if Wqx is given, the real beam 
possesses a far-field divergence which is bigger than for a Gaussian beam of 
same radius in the waist by a characteristic factor, M^. This factor is called 
the diffraction parameter (or sometimes the beam-quality factor) for the x 
direction. Alternatively, if the far-field divergence is the same, focusing of 
the real beam leads to a waist radius which is larger by compared to 
the waist radius of a focused Gaussian beam. In summary of these proper- 
ties some prefer to think of a real beam as a Gaussian beam with a longer 
wavelength of XAP (and thus diffraction-increased by M^). With the 
definition of beam quality, a poor beam correspond to a large IVP while the 
best possible beam quality is represented by = My = 1, which are the 
diffraction parameters of a Gaussian beam. 
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This scaling of real beams with respect to a Gaussian beam explains the 
high usefulness of the concept of second moments: although (1) describes 
the simplest case of propagation in free space, it can easily be extended 
to propagation through complex optical systems (e.g. a set of lenses). Just 
as for Gaussian beams, optical systems are described by a simple matrix 
formalism [2,3]. This is a highly useful property to design lens systems for real 
beams without actually having to know further details of the beam profile. 

A correct measurement of the M^-parameter can be achieved as follows: 
the beam under inspection is sent through a focusing lens to form a beam 
waist. With a spatially resolving detector, such as a two-dimensional Gharge- 
Goupled Device (GGD) camera, with a moving pinhole, or crossed moving 
slits in front of a photodiode, the two-dimensional transverse intensity dis- 
tribution is measured at various positions (planes) 2 along the beam, e.g., in 
front of the focus, in the focus and behind. The second moment is determined 
numerically for each position, and plotted versus the position. As a result, the 
data follow the shape given by (1), such that a hyperbola can be fitted to the 
data. The parameter is then given by the product of far-held divergence 
angle (half width at 1/e^) and waist radius (Wq) derived from the ht, divided 
by A/tt (the radius-divergence product obtained for a Gaussian beam). The 
position of the waist, zq, and the waist radius, Wq, are also obtained from the 
ht. Performing this procedure in both dimensions, x and y, the beam quality 
is fully characterized to second order. In analogy to Gaussian beams, differ- 
ent values for Zqx and Zoy indicate an astigmatism, whereas different values 
for Wxo and Wyo (with Zxo = Zyo) indicate an elliptic beam cross section. 

The spatial beam quality of the high-power diode-laser systems described 
in Sects. 5 and 6 is specihed mostly in terms of the parameter. Trans- 
verse intensity prohles were recorded with 5 |xm spatial resolution using a 
two-dimensional beam prohler with two moving, vertically arranged slits. 
An example of such a measurement is shown in Fig. 1, where we recorded 
the beam diameter (2W) of an 810 nm AlGaAs master oscillator tapered- 
ampliher system as a function of the propagation distance z behind a focus- 
ing lens. The beam diameter was recorded in the direction which is parallel 
to the ampliher’s active area. The data show that the beam waist is located 
at 101 mm having a beam diameter of approximately 45 pm. The solid curves 
shows a least-squares fit of the hyperbola function of (1), which agrees well 
with the experimental data. The fit yields an parameter of 1.1 ± 0.1, 
where the given error is the statistical uncertainty of the least-squares fit. The 
slight and partially systematic deviations are caused by the following effect: 
the profiler data processor operates in a simplified mode which performs a 
least-squares fit of a Gaussian-shaped transverse intensity profile to the mea- 
sured beam profiles and provides the 1/e^ power diameter of the Gaussian 
as the read out. This profiler evaluation of the second moment is sufficiently 
good only for low values, such as present here. We note, however, that 
significant errors would occur with high values [14,18,19,20,21]. In this 
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Fig. 1. 1/e^-power diameter of the beam from an AlGaAs MOPA system measured 
as function of the propagation distance behind a focusing lens with a beam profiler. 
The CW output power of the investigated diode-MOPA system is 600 mW at a 
wavelength of 810 nm. The solid curve is a least-squares fit of (1) to the data, 
which gives = 1.1 



case, an evaluation via the second moment is strongly recommended instead 
of the method of a 1/e^ Gaussian fit diameter. Obviously, the method of 
1 /e^ Gaussian diameters fails also if the hyperbolic fit gives values below 
unity. 

1.2 Measurement of the Wavefront 

The hyperbolic-fit method, applied either to the second moment, or to the 
1/e^-Gaussian beam diameter at low NP values, is certainly a powerful 
method to describe beam quality. A characterization to more detail has to 
include, however, higher orders than the second moment [22]. Such charac- 
terization is possible with a measurement of the shape of the wavefront using 
interferometry [23]. The basic arrangement for a method which we applied to 
characterize the output from our tapered-amplifier systems, dynamic shear- 
ing interferometry, is depicted in Fig. 2. Further details on this method and 
alternative interferometric techniques are described in [24]. 




Fig. 2. Arrangement for dynamic shear- 
ing interferometry. On the detector (D) 
two reflections from a glass plate (E) 
generate an interference pattern which is 
evaluated to obtain the wavefront of the 
incident beam 
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The beam under inspection is sent through a plane, parallel, glass plate E. 
The purpose of the plate is to reflect a first part of the beam from the front 
surface and to superimpose an identical but sheared copy of the beam from 
the back surface to form an interference pattern. This pattern can be recorded 
with a spatially resolving detector, such as a two-dimensional CCD camera, 
and contains the desired information on the wavefront of the incident beam. 
The principal ideas and steps involved in a wavefront measurement will be 
reviewed. 

In the detector plane the phasefront of the original beam, P{x, y), can be 
expressed as its deviation from a plane wave, where x and y are the transverse 
coordinates. For an illustration, consider a diverging Gaussian beam with 
vertical incidence on the detector D. In this case the wavefront is spherical 
and can be well approximated by a second-order parabolic function, P{x^ y) = 
{x^ + y^)/R, where the coefficient R expresses the wavefront curvature or 
defocusing [3]. Similarly, the front of an unknown incident beam, reflected 
from the front of E, can be expressed by a two-dimensional Taylor series, 

k n 

= ( 2 ) 

n—0 m—0 

(which had been restricted to iV = (fc-|- l)(A:-|-2)/2 terms). The lowest-order 
coefficients in this equation are known as the tilt of the front with respect 
to the detector plane (Pqi and i?io), the curvature or defocusing (Po 2 ,P 2 o), 
primary coma (P 12 and P 21 ), and primary spherical aberration (Po 4 i^ 22 , 
and Bio) [25,26]. 

The beam reflected from the back side of the plate is an identical copy of 
the incident beam except that it is sheared by a distance S into the x direc- 
tion. The sheared beam can thus be written using the same coefficients Bnm 
as for the beam 

k n 

P{x + S,y) = Y,Y.^r.m{x+Sry^-”^ , (3) 

n—0 m—0 

from the front of the plate, if S is included in the argument. 

The optical path difference between the incident and sheared wavefronts 
in the detector plane, A P{x, y), is obtained by subtracting (2) from (3). The 
result can again be expanded in a power series, 

k n 

A Ps{x, y) = P{x + S,y)~ P{x, y) = EE Cnm{xry^-^ , (4) 

n—0 m—0 

where the C coefficients are related to the wavefront coefficients P by a set 
of linear equations. 






k—n 



= E 
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'i+n,j+m 
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Equations (4) and (5) state that finding the wavefront of the incident 
beam can be traced back to measuring the path difference between the beam 
and its sheared copy, i.e. to measuring A Ps(x,y). 

For finding the path difference let us refer to Fig. 2 again. Both the shear- 
ing distance in the x direction, S, and the propagational phase lag, S, of the 
sheared beam in a particular point in the detector plane, depend on the opti- 
cal thickness of the plate and on the angle of incidence, ax- It is important to 
note that 6 sweeps over many radians with only a tiny variation of ax while S 
remains approximately unchanged. This can be used for an easy measurement 
of A Ps{x, y) as follows: a slight variation of ax over a small angular interval 
of typically a few mrad is used to generate a time- varying interference pattern 
on the detector. Four interference patterns are recorded, Ii{x,y) to l 4 {x,y), 
where the phase lag in an arbitrary but fixed point, (xo,yo), on the detector 
is (5i(a:o,yo) = 0, S 2 (xo,yo) = tt/2, ^3(xo,yo) = tt, and S4(xo,yo) = 3 tt/2, 
respectively. The corresponding instances, ti to ^4, at which the electronics 
reads out the interference patterns Ii{x, y) from the CCD camera, are selected 
by an electronic trigger circuit. Having recorded the four patterns, the path 
difference between the original and sheared wavefronts can be calculated, 

APs{x,y) = {[I 4 {,x,y) - h{,x,y)\ /[h{x,y) - h{x,y)]} . (6) 

In summary, the wavefront of the incident beam is determined with four 
steps: (i) recording of four suitably phased interferograms Ii{x,y), (ii) calcu- 
lation of APs{x,y) with (6), (iii) calculation of the C coefficients with a fit 
of (4) to APs{x,y), and (iv) solving (5) for the B coefficients. The described 
procedure gives the full information on the incident wavefront if the beam 
possesses rotational symmetry. Since in particular the beam from a diode 
laser may lack such symmetry these four steps are repeated with additional 
shearing of the beam vertically in the y direction by a distance T. The wave- 
front of any laser beam can thus be recorded with a total of eight steps and 
the result is coefficients describing the strength of the different types of aber- 
rations present. These coefficients are also known as Kingslake coefficients 
from classical optics describing the wavefront distortions caused by a lens 
system [24]. 

We used dynamical shearing interferometry to characterize the spatial 
beam properties of high-power diode systems. The experiments were per- 
formed with an interferometer which displays the shape of the wavefront, 
and calculates the expansion coefficients as described above. An example of 
wavefront measurements with a near-diffraction-limited beam from an In- 
GaAs diode-MOPA system is displayed in Fig. 8, where the lowest-order 
coefficients for tilt and curvature have been set to zero. Figure 8 thus corre- 
sponds to the wavefront measured in a beam waist. In comparison to a beam 
characterization via the parameter, the advantage of shearing inteferom- 
etry is that the full amount of information can be obtained. Different types 
of aberrations contributing to a nonunity value are displayed separately 
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with their corresponding strengths. This additional information is helpful to 
identify (and thus remove) the underlying physical mechanisms causing these 
aberrations. In diode-laser systems such mechanisms are aberrations in the 
collimator and other optics placed behind the diode amplifier, but also the 
spatially inhomogeneous refractive-index distribution within the active area 
of the amplifier. 

A wavefront measurement can also be used to assign a single quality fac- 
tor to the inspected beam, as does an measurement. For this purpose one 
determines the Root-Mean-Square (RMS) deviation of the measured phase 
from that of an ideal beam (which in Fig. 8 is a plane located at z = 0). For 
a calculation of the RMS value, the phase deviations are spatially integrated 
over the beam cross section, by weighting each deviation with its correspond- 
ing intensity. The integral is normalized to the total power in the beam. The 
weighting of phase deviations accounts for the fact that even strong phase 
distortions do not alter much the further propagation of the beam, if such dis- 
tortions occur in the far wing of the beam profile, where the intensity is low. 
There is also a practical meaning associated with the RMS value. Multiplying 
the RMS value by A/27 t one obtains the usual figure which is used to specify 
the surface quality of optical components. As an example, if X/2n times the 
RMS value yields A/20, the quality of the laser beam can be viewed as that 
of a perfect beam reflected from a mirror with a surface roughness of A/ 10 
across the illuminated area. There should further be a close correspondence 
of the RMS value to the parameter, at least for high-quality beams. To 
our knowledge, such correspondence has not been investigated so far. 



2 Single-Stripe Diode Lasers 

Single-stripe diode-lasers are a basic component of diode-MOPA systems 
where they are used to form a low-power oscillator emitting with high spec- 
tral and spatial quality. The working principle of single-stripe diodes and 
their basic properties are treated in most textbooks on lasers. More details 
and a description of the various possible designs can be found, e.g., in the 
books of Petermann [4] or Agrawal [.5]. 

Diode lasers are based on stimulated emission in a p-n-junction of semi- 
conductor material. If the junction is supplied with a forward current of 
sufficient density, the electrons in the conductance band and holes in the 
valence band form an inversion which amplifies light. ^ The thickness of this 
laser-active zone is about 1 pm as given by the typical diffusion length of 
the charge carriers. In the other dimension the size of the active zone can be 
defined by the shape of the metallic electrode on top of the chip. The first 
diode lasers were realized in 1962 [27]. The injection current was applied via 

^ The recently demonstrated quantum-cascade lasers are based on transitions 
within only one of the bands 
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a planar electrode and the junction was made of a single type of semiconduc- 
tor material (GaAs) with p- and n-doping (homoj unction). Optical feedback 
then was provided by the Fresnel reflectivity of the cleaved end facets of the 
chip to form a Fabry-Perot (FP) cavity with plane mirrors. With this simple 
a structure, the laser showed a number of severe disadvantages, particularly 
a high current density at threshold, the need for cryogenic temperatures, and 
the poor spectral and spatial quality of its output limited the interest in such 
devices. 

Now, after decades of intense research, advanced manufacturing tech- 
niques are available which allow one to define a variety of complicated struc- 
tures within the diode-laser, designed to avoid all of the above-mentioned 
disadvantages. Examples are heteroj unctions built from several types of semi- 
conductor material. The resulting modifications of the band structure pro- 
vide a spatially Graded Refractive INdex and Separate Gonfinement of car- 
riers and the optical wave (GRINSGH) for a stronger interaction and lower 
threshold currents. The energy and density of electronic states can be engi- 
neered with quantum structures, which confine the position of charge carriers 
to small regions comparable in size to the DeBroglie wavelength of the carri- 
ers. Single Quantum Well (QW) and Multiple Quantum Well (MQW) struc- 
tures are now routinely used, but recently also quantum dot lasers have been 
realized [28,29]. Other diodes provide a reliable single-frequency output by 
spectral filtering of the optical feedback within the diode-laser using internal 
Distributed BRagg grating (DBR) and Distributed FeedBack grating (DFB) 
structures. Vertical Surface-Emitting Lasers (VGSELs) with cavity lengths 
short compared to the laser wavelength have been built to restrict lasing to 
a single mode. 

A large number of different diode-laser types are available now, designed 
for specific applications or properties. An overview can be found in [30,31]. 
Among different materials, AlGaAs diodes have been developed to a compar- 
atively high level. The reason is a traditionally high interest in the wavelength 
range emitted (750 nm to 830 nm) which covers the pump-absorption bands 
of neodymium-doped solid-state laser crystals. Further developments with 
respect to the growth of various other semiconductor materials have made 
diode-lasers available within a vast spectral range, from lead sulfide lasers 
in the mid-IR [32] to the recent realization and the beginning of commercial 
availability of GaN lasers in the blue-ultraviolet range [33,34]. 

The most basic technique to improve the spatial properties of the diode- 
laser output beam is to form a so-called single-stripe laser. In this case the 
pump current is applied via a thin stripe electrode, which is only a few 
pm wide and extends over the entire length of the laser chip. The purpose 
of the stripe is to confine the transverse distribution of charge carriers, and 
thus the width of the light amplifying (active) zone to typically 3 pm. This 
suppresses transverse-mode laser oscillation and favors oscillation in longitu- 
dinal modes. The absence of transverse-mode oscillation gives single-stripe 
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lasers their high spatial beam quality. Our own measurements revealed typ- 
ical diffraction parameters = 1.05 in both dimensions. A further proof of 
spatial quality is that a high percentage (typically up to 90%) of the diode 
output can be spatially mode-matched into the fundamental Gaussian mode 
of a high-finesse power build-up cavity. 

Due to the simple longitudinal mode structure of single-stripe lasers, also 
their spectral bandwidth is easy to control. Even lasers with a plain Fabry- 
Perot (FP) resonator based on the reflectivity of the chip’s end facets often 
show emission of a single, main frequency with a spectral bandwidth of typ- 
ically 10 MHz, while other FP side modes are strongly suppressed by tens 
of dB through gain competition [35]. If required, the spectral bandwidth of 
a single-stripe laser can be further narrowed into the kilohertz range with 
optical feedback from an external mirror [6]. A continuous tuning of the 
laser frequency over most of its gain spectrum is possible if one of the laser 
facets is AR coated and feedback is provided with an external grating in 
Littman configuration [36,37]. Such lasers have been used as well in our ex- 
periments described below. The collimated output from the laser chip is sent 
at grazing incidence onto a diffraction grating. The first diffraction order is 
retro-reffected from a plane mirror to the grating and from there, via a sec- 
ond diffraction, back into the chip. Output coupling from the Littman laser 
is obtained as the zero-order diffracted beam. The laser wavelength is widely 
tuned by tilting the plane mirror. A fine tuning of the laser frequency can be 
achieved by mounting the plane mirror on a piezo actuator which controls the 
optical cavity length. If required, a proper synchronization of the mirror’s tilt 
angle and displacement, either mechanically or electronically, can be used to 
tune continuously the output frequency (without mode hops) over thousands 
of GHz. A long-term stability is obtained by electronically locking the laser 
frequency to an absolute reference, such as an atomic absorption line. So far, 
the lowest spectral bandwidth of a diode-laser of 40 Hz has been achieved 
with a combination of optical feedback and electronic locking to a reference 
line [38]. 

With these spatial and spectral properties single-stripe lasers may be 
considered as perfect for most applications. Unfortunately the output of such 
lasers is limited at present to powers of approximately 100 mW. The reason 
for this is that such modest power already corresponds to a high intensity of 
several MW /cm^ since the emitting area of a single-stripe laser (1 pm x 3 pm) 
is microscopically small. Above the given intensity, residual absorption of light 
in surface states of the facets leads to Gatastrophic Optical Damage (GOD) 
of the laser. Given this limit and the fixed 1 pm thickness of the junction, the 
output power of a diode-laser can be increased only by increasing the lateral 
dimensions of the emitting area significantly above 3 pm, e.g., by increasing 
the lateral dimensions of the active zone. This approach is used to build high- 
power diode-lasers but it re-introduces transverse-mode oscillation and thus 
a poor spectral and spatial beam quality. 
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3 High-Power Diode Lasers 

Numerous types of high-power lasers are available. For a review and compar- 
ison of different approaches in this field the reader may refer to the books 
by Botez and Scifres [39] or Carlson [40]. Most high-power diode-lasers are 
designed as diode arrays or broad-area diodes. Typically the emitting area of 
the facet is increased to about 200 pm in the plane of the junction to avoid 
COD. As a result the maximum output power of such diodes is on the order 
of 1 W. Much higher powers can be generated by further extension of the 
emitting area, by manufacturing typically 20 high-power diodes close to each 
other on the same chip to form a diode bar. Vertical packaging of such bars, 
each providing tens of watts output is used to form a so-called diode stack. 
Such stacks, with an emitting area of about 1 cm x 1 cm, deliver power at the 
kilowatt level. 

A severe disadvantage of the increased transverse size of the active zone in 
a high-power laser is that it enables transverse-mode oscillation. In most cases 
transverse-mode oscillation clearly dominates over longitudinal modes be- 
cause the latter have the smallest gain-length product per roundtrip. Further, 
all modes are mutually coupled via gain competition and eventually phased 
via scattering and nonlinear effects. Correspondingly, for a better description 
it is more appropriate to consider the oscillation of so-called supermodes, 
which are phased superpositions of high-order transverse modes [41,42,43], or 
to treat such lasers numerically [44] . The most obvious consequence of super- 
mode oscillation is a low quality of the emitted laser beam. For example, the 
far field of a diode-laser array or broad-area diode with a 200 pm-wide emit- 
ting area shows a large divergence angle of about 10° (FWHM) in the plane of 
the junction, which is about 50 times larger than that of a diffraction-limited 
beam emitted from an emitter of the same width. Further, the presence of 
a large number of supermodes, each having a different emission frequency, 
gives high-power lasers a considerable spectral bandwidth. For GaAlAs high- 
power diode-lasers emitting around 810 nm, this bandwidth is typically one 
to several nanometers, i.e. it is on the order of 10^ GHz. 

It is instructive also to quantitatively compare the overall quality of the 
output from such a high-power diode-laser to that of a single-stripe laser in 
terms of brightness. To express the brightness of a light source one can refer 
the output power (in mW) to the emitting area (in pm^), to the solid angle 
of the far-held emission (in sr), and to the spectral bandwidth (in MHz). 
In these units the brightness of a standard single-stripe laser with a spec- 
tral bandwidth of 10 MHz and an output power of 100 mW is approximately 
30 mW / pm^ /sr / MHz. The brightness of a high-power diode-laser is lower by 
many orders of magnitude. For the above example of a diode array one ob- 
tains a brightness of 5 x 10“®mW/ pm^/sr/MHz, due to the 60-times wider 
emitting area and the 10®-times larger spectral bandwidth. The brightness 
of diode bars and diode stacks with output powers in the range 10 W to 
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some kW can be calculated accordingly. It turns out that for these lasers the 
brightness is even lower than that of a diode array or broad-area diode. 

The spectral and spatial beam quality of high-power diode-lasers can be 
substantially improved with the objective of obtaining a brightness much 
higher than that of single-stripe lasers. Methods under investigation have 
been optical feedback by external cavities [45,46,47], the formation of Anti- 
Resonant Ridge Optical Waveguides in laser arrays (ARROWs) [48,49,50], or 
the recently developed a-DBR broad-area lasers [51]. A method of practical 
importance to many experimentalists is injection-locking, because it can be 
performed with a commercially available, standard high-power diode array or 
broad-area diode [52,53,54]. For locking to occur, the output from a single- 
frequency laser (which might be a single-stripe diode-laser) is injected into 
the high-power diode and tuned into the locking range, i.e. close to the free- 
running frequencies of the supermodes of the high-power laser. In this case the 
oscillation frequency of most supermodes becomes identical with that of the 
injected laser. With a variation of the injection angle, the relative temporal 
phases of the locked supermodes can be adjusted to maximize constructive 
interference in a particular angle of the far field. As a result a major fraction 
of the total power is emitted as a single, near-diffraction-limited output beam 
with a narrow spectral bandwidth (roughly that of the single-stripe diode- 
laser). The resulting improvement of brightness has been shown to reach 
factors of 10® and higher although, in general, not all of the supermodes can 
be properly locked. So far, the highest output power of 640 mW was achieved 
by injection-locking the 800 mW free-running output of a diode-laser array 
with 45 mW of power from a grating-stabilized single-frequency, single-stripe 
diode-laser [13]. 

4 Diode Amplifiers 

The approaches to generate high-brightness radiation with high-power diode- 
lasers described so far suffer from several fundamental limits. These are either 
an undesired multi-lobed output (such as with ARROWs), a broad spectral 
bandwidth (a-DBR lasers), or a low power stability of the output (with exter- 
nal cavities or injection-locking) due to low tolerances for mechanical pertur- 
bations and thermally induced drifts. In the mid-1980s researchers started to 
concentrate on a most promising approach to overcome the named disadvan- 
tages. This approach is the so-called MOPA system.^ A single-stripe diode 
master-oscillator generates radiation with high spatial and spectral quality, 
though with low power on the order of tens of milliwatts. A high output power 
without significant reduction of the beam quality is achieved by amplification 
of the oscillator radiation in a high-power broad-area diode amplifier. Most 
important for a proper operation of the broad-area diode as an amplifier is 

^ This approach has proven successful already with a variety of other sources, e.g., 
for pulsed dye lasers, excimer lasers, solid-state lasers, and ns-pulsed OPOs 
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that at least one, preferably both, of its facets are AR-coated. This suppresses 
optical feedback and increases the threshold current for laser oscillation to 
above the maximum current rating. Using different rectangular geometries 
for the metallic electrodes and thus the active zone (widths of 400 to 600 pm, 
lengths of 500 to 2300 pm), a maximum CW output power of 3.3 W had 
been demonstrated [55] . A rectangular broad-area amplifier (600 pm wide 
and 1100 pm long) had been used to amplify the 400 mW output of TEMqo- 
mode radiation from a Ti: sapphire laser to a near-diffraction-limited CW 
output beam of up to 3.7 W power [56]. Meanwhile, a number of different 
diode MOPA designs have been realized, where the master-oscillator and one 
or a chain of several amplifiers are manufactured on the same chip [39,40] . 

To achieve higher optical output powers at lower optical input powers, 
rectangular broad-area amplifiers have been used in a double-pass. This also 
has the advantage that a high-quality AR coating is required for only one of 
the facets while the other facet is coated for High Reflectivity (HR, moderate 
quality is sufficient here). In a prior experiment we generated up to 780 mW of 
810 nm single-frequency radiation in a near-diffraction-limited output beam 
(diffraction parameter = 1.1), by injecting 90 mW from a free-running, 
single-frequency single-stripe diode laser into the 100 pmx 750 pm active area 
of a GaAsAs broad-area amplifier in double-pass [57]. 

The power limit of broad-area amplifiers is given by self-focusing effects 
in the active zone. A double-pass amplifier, however, imposes an even more 
stringent limit. The standing waves in such devices create a much stronger 
inhomogeneity of carrier depletion and thus of the refractive index compared 
to a single-pass device. Consequently, double-pass amplifiers are very suscep- 
tible to self-focusing and defocusing, i.e. to spatial beam distortions and a 
destruction of the amplifier facets by filamentation [56]. This mechanism is 
further enhanced by the residual reflectivity of the input-output-facet, even if 
high-quality AR coatings of less than 10“^ reflectivity have been deposited. 

An amplifier design which significantly alleviates such problems with 
beam distortions, and also requires less optical input power from the oscilla- 
tor, is the tapered amplifier [58,59,60]. The design and its general purpose is 
briefly presented here as this device is part of the MOPA systems described 
below. 

The tapered amplifier is a single-pass device of a typical total length 
of 1 mm to 3 mm. The transverse width of the electrode is tapered, i.e. it 
increases linearly along the propagation direction to a typical width of 150 pm 
at the output facet. In this tapered section the internal light wave can freely 
diffract in the plane of the junction. Although the total power grows linearly 
with saturated amplification and propagation, the power density may remain 
approximately constant because diffraction widens the cross section of the 
beam. With a proper design the local intensity remains limited such that 
severe beam distortion by self-focusing or filamentation is suppressed, and a 
near-diffraction-limited output of high power is generated from a diffraction- 
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limited input beam. For a proper operation of the amplifier, both facets have 
to be AR coated (or tilted in addition) to suppress laser oscillation at high 
pump currents. Considerable CW output powers with high beam quality have 
been generated with such amplifiers. In a hybrid system with a diffraction- 
limited TEMqo beam from a (spectrally multi-mode) CW Ti:sapphire master- 
oscillator, emitting 200 mW at 860 nm, and an AlGaAs tapered amplifier with 
a 250 pm-wide electrode at the entrance facet tapered to 500 pm at the exit 
facet, the diode amplifier emitted a maximum output power of 5.25 W in a 
near-diffraction- limited beam [61]. 

The setup of a diode-MOPA system and that for injection-locking a high- 
power diode-laser appears quite similar because the difference is essentially 
the AR coatings on the facets of the amplifier. Nevertheless, these systems 
posses very different properties. Injection-locking requires only a low input 
power from the master-oscillator, typically much less than a few mW. Also, 
the residual amount of spectrally broadband Amplified Spontaneous Emission 
(ASE) of a locked diode is low, because the locked high-power diode forms 
a laser oscillator operating well above threshold and thus with a strongly 
saturated gain. Diode-MOPA systems, on the other hand, are able to amplify 
all wavelengths within the approximately 30 nm-wide gain bandwidth and 
there is no restriction due to a limited locking range. Such systems are thus 
more appropriate for the amplification of tunable or pulsed sources [62] . With 
the above geometry, however, a tapered amplifier requires a relatively high 
input power from the master-oscillator to obtain an efficient depletion of the 
amplifier gain. The minimum input power can be as high as several hundred 
mW for rectangular single-pass broad-area amplifiers. The design of a tapered 
amplifier thus often includes a single-stripe amplifier section beginning at the 
entrance facet and extending over several hundreds of pm in length, just as 
in a single-stripe laser. This section serves to pre-amplify a weak master- 
oscillator beam with only a few mW of power to more than 100 mW before 
the radiation enters the second, tapered section. Residual reflections from the 
output facet, further amplified upon backward propagation, are blocked by 
etched grooves surrounding the transition between single-stripe and tapered 
sections. 

5 AlGaAs Diode-MOPA Systems 

In this section we present the design and the properties of a double-stage 
MOPA system, based on AlGaAs diodes, as shown in Fig. 3. The oscillator 
is a 100 mW single-stripe, single-frequency AlGaAs index-guided multiple- 
quantum-well laser emitting at a wavelength of 810 nm. For the first amplifier 
stage we use a 2mm-long AlGaAs tapered single-pass amplifier device, with 
AR coatings on both facets. At the entrance side the amplifier chip contains 
a 1 mm-long single-stripe gain section, which serves for pre-amplification of 
weak input powers from the oscillator. The remaining length of 1 mm is ta- 
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Master- Broad-area 

oscillator amplifier 




2.85W @ 810nm 

Fig. 3. Setup of a double-stage diode-MOPA system with an AlGaAs single-stripe 
oscillator, followed by a tapered amplifier and a broad-area amplifier (iso: 60 dB 
Faraday isolators, SFPI: scanning Fabry-Perot interferometer, CCD: one- or two- 
dimensional charge-coupled-device camera) 



pered, extending from a width of a few pm to a width of 130 pin at the exit 
facet. The second amplifier is a 1.1 mm-long broad-area single-pass amplifier 
with a 600 pm-wide active area and AR coatings on both facets. 

The amplifiers are mounted on Peltier coolers such that the temperature 
of the amplifiers can be varied independently, to match the wavelength of 
maximum gain to the wavelength emitted by the oscillator. Separate housings 
equipped with silica-gel reservoirs reduce the humidity and prevent contami- 
nation of the facets. The housings are sealed using AR-coated windows, and 
lenses of short focal length which focus the input and collimate the output 
beams. To prevent feedback from the amplifiers into the oscillator, the diodes 
are separated by 60 dB Faraday isolators. A cylindrical telescope (lenses with 
focal lengths of / = 50 and 300 mm) is used to match the beam from the 
tapered amplifier into the input facet of the rectangular amplifier. The an- 
gle of incidence on this facet is approximately 5° to prevent the build-up of 
standing waves which would cause filamentation effects. Additional devices 
used are CCD cameras to monitor the near and far field of the rectangular 
amplifier for an adjustment. Scanning confocal Fabry-Perot Interferometers 
(SFPIs) with 2 GHz Free Spectral Range (FSR) and a finesse of 100 mon- 
itor the input spectrum of the master-oscillator and the output spectrum 
after amplification. The spatial quality of the output beam is measured as 
described in Sect. 1, either via the parameter, or via a recording of the 
wavefront. 

With their input beams blocked, the output from both the tapered and 
the rectangular amplifiers consists entirely of broadband ASE. The ASE spec- 
trum was recorded with a double-grating optical spectrum analyser (resolu- 
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tion: 0.05 nm). The ASE power from the tapered amplifier was 50 mW with a 
pump current of 1 A and a temperature of 5° C. The ASE center wavelength 
of 807 nm can be tuned with a coefficient of 0.3nm/K. The FWHM of the 
spectrum is 9 nm, indicating the wide amplification bandwidth of the device. 
The ASE power from the rectangular amplifier was 100 mW with a 15 nm 
bandwidth measured at the maximum pump current of 8 A and a temper- 
ature of 15° C. We notice, however, that in both amplifiers the amount of 
ASE is reduced to a small fraction of about 1 % of the total output, if the 
amplifiers are saturated by injection of radiation from the master-oscillator, 
as described below. 

With the oscillator beam injected, we measured the output power of high- 
brightness radiation from the tapered amplifier as a function of the optical 
input power as shown in Fig. 4. The different data sets correspond to different 
pump currents for the amplifier. As can be seen, the output power increases 
both with the pump current and with the input power from the oscillator. 
For a fixed current and small oscillator powers, the output power increases 
proportionally with the oscillator power. In this small-signal regime the gain 
attains values between 23 dB (with 0.5 A pumping) and 35 dB (with 1.5 A). 
A further increase of the oscillator power leads into a transition regime at 
around 1.5 mW, followed by a regime of saturated amplification with input 
powers above 3 mW. 

Similar measurements were performed with the rectangular amplifier 
(Fig. 5). It can be seen that the output increases with both the pump current 
and the input from the tapered amplifier. The two lowest traces, recorded 
with pump currents of 1 A and 2 A, show that the output power can even 
be below the input power. However, a maximum small-signal gain of 12 dB 
is found at 8.0 A. At this current the maximum output power generated was 
3 W with an input power of 500 mW. 

The internal light amplification, ASE generation, gain competition and 
saturation within the amplifiers were calculated with a simple model which 




Fig. 4. Measured output power from the tapered amplifier as a function of the 
input power from the master-oscillator for various amplifier pump currents 
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Fig. 5. Output power from the rectangular broad-area AlGaAs amplifier as a func- 
tion of the optical input power from the tapered-amplifier stage, recorded at various 
amplifier pump currents 



combines geometrical beam propagation in the plane of the junction with two- 
level-laser rate equations. This model had so far shown excellent agreement 
with the experimental data in the cases of an AlGaAs rectangular double- 
pass broad-area amplifier yielding 780 mW at 810 nm [-57] and an AlGalnP 
tapered amplifier yielding 500 mW at 670 nm [63]. The theoretical prediction 
from this model is shown in Figs. 4 and 5 as solid lines and shows a good 
agreement with the experimental data. This agreement indicates that the 
general performance of the investigated amplifiers can reasonably well be 
described even with a simple model. We note, however, that for a detailed 
understanding, and thus also for a consequent improvement and optimization 
of diode amplifiers, better models are required. 

The spatial beam quality of the tapered-amplifier and the rectangular- 
amplifier outputs was determined via a measurement of the value as 
described in Sect. 1. At an output power of 2.85 W the measurements yielded 

= 1.1 and My = 1.1, and = 1.6 and My = 1.4, respectively. 

The emission spectrum of the double-stage diode-MOPA system of Fig. 3, 
measured with a SFPI, is shown in Fig. 6. It can be seen that the output 
consists of single-frequency radiation with a spectral bandwidth of less than 
14 MHz, which is given by the resolution limit of the SFPI. Within this limit, 
the measured bandwidth is equal to that of the master-oscillator such that 
amplification in both stages does not lead to a noticeable spectral broadening. 

These values show that the two-stage MOPA system provides a high- 
brightness output, i.e. a powerful near-diffraction-limited beam of narrow 
spectral bandwidth. In terms of the units given in Sect. 3, the brightness is 
approximately lOOOmW/sr/ pm^/MHz, which is about a factor of 30 above 
that provided by single-stripe lasers (and many orders of magnitude above 
that of standard high-power diode-lasers). With this brightness the output 
from the diode MOPA should be particularly useful for an efficient nonlinear 
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Fig. 6. A spectral bandwidth of less than 14 MHz of the AlGaAs double-stage diode- 
MOPA system is measured with a scanning confocal Fabry-Perot interferometer 



conversion into other wavelength ranges. An example, where UV radiation is 
generated, is described in Sect. 7.1. 

6 Diode-MOPA Systems Based on InGaAs 

In further experiments we investigated the properties of diode-MOPA systems 
based on a different semiconductor material, InGaAs. This material is of 
interest because it contains no A1 and gives such diodes a better reliability 
and higher power capability. The setup of the diode MOPA was similar to 
that shown in Fig. 3, however, with the rectangular broad-area amplifier 
omitted. 

The master-oscillator is based on a 750 pm-long single-stripe laser with 
a 4 pm-wide active zone operating at wavelengths around 925 nm. The back 
facet is HR coated and the direction of the active stripe is tilted by a few 
degrees with respect to the surface normal of the AR-coated front facet, which 
suppresses feedback and laser oscillation in the chip. The output is collected 
with a short focal length collimator lens. In fact, the emission spectrum of the 
free-running single-stripe diode (without optical feedback) consists of a broad 
peak of 20 nm FWHM, with no further spectral structures visible. The center 
wavelength of gain can be varied with the temperature by 0.15 nm/K. For 
tunable single-frequency operation we used a Littman-type resonator [36,37] 
with feedback from a grating with 1800 lines per mm, and with 20% output 
coupling provided by the zero-order diffracted beam. At the maximum pump 
current of 130 mA the oscillator output power was 17 mW with a spectral 
bandwidth of less than 2 MHz (resolution- limited) . 

Two prototype versions of InGaAs tapered amplifiers were available [7]. 
The first had a 1 mm-long single-stripe section, followed by a 1 mm- long ta- 
pered section of 200 pm width at the exit facet. The second amplifier had a 
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1 mm-long single-stripe section followed by a 2 mm-long tapered section with 
a 400 pm width at the exit facet. To avoid back reflections and suppress os- 
cillation, the facets are AR coated at a wavelength of 920 nm to a specifled 
reflectivity of less than 10“"*’. Additionally, the longer amplifier has its input 
facet wedged so that optimum input coupling is observed at approximately 
17° angle of incidence. The oscillator beam is sent with a 1:1 spherical tele- 
scope (/ = 300 mm) through two 30 dB Faraday isolators, and then focused 
onto the entrance facet of the amplifier with a collimator lens. The amplifier 
output is collimated with the same type of lens. 

With this setup we measured the output power from the tapered amplifier 
as a function of the oscillator input power and the amplifier pump current. An 
example for a 3 mm-long amplifier is shown in Fig. 7 which was recorded at a 
pump current of 8 A. With the oscillator beam blocked, the amplifier output 
consists entirely of ASE, with a broad spectral bandwidth of approximately 
10 nm, centered at 925 nm. We measured an ASE power of 1.8 W, which 
corresponds to the square symbols in Fig. 7 at zero oscillator input power. 
With the oscillator beam injected and at an input power of 14.5 mW the 
total output power from the tapered amplifier reaches a maximum of 4.2 W 
(see triangular symbols). In order to determine what fraction of the output 
actually consists of amplified oscillator radiation of high brightness and what 
fraction is residual ASE, we used a small part of the output for a simultaneous 
spectral analysis with the optical spectrum analyser. In the spectrum, ASE 
is apparent as a broad spectral background while the amplified oscillator 
radiation corresponds to a sharp peak of narrow spectral bandwidth (0.05 nm, 
as given by the resolution of the analyser) . From such spectra the power ratio 
of the two types of radiation is determined by integration over the respective 




Fig. 7. Total output power (triangular symbols) from a 925 nm-emitting InGaAs 
master-oscillator tapered-amplifier system as a function of the input power from 
the oscillator. The amplifier pump current is 8 A. Spectrally resolved measurements 
reveal the increasing power of amplified, spectrally narrowband oscillator radiation 
(dots) while ASE (square symbols) becomes suppressed with increasing oscillator 
input. The solid lines represent the prediction of the model described in Sect. 5 
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line shapes. A scaling with this ratio yields the power of amplified oscillator 
radiation in Fig. 7 (circular symbols) and the power of ASE (squares). Fig. 7 
shows that up to an input power of 2mW the amount of ASE is higher 
than that of the amplified oscillator beam. When the input is increased to 
about 15 mW, however, ASE becomes strongly suppressed to below a relative 
power of 2%. In this case the maximum power of amplified oscillator radiation 
with narrow spectral bandwidth is 4.1 W. A measurement of the spectral 
bandwidth with a SFPI yields a value of 2 MHz, which is the resolution limit 
of the SFPI. 

The model as described in Sect. 5 was used to calculate the power of am- 
plified radiation and ASE as a function of the input power. The result, shown 
as the solid curves in Fig. 7, shows reasonable agreement with the experimen- 
tal data. The model is thus suitable also to describe diode-MOPA systems of 
InGaAs, which may be useful for a further power scaling and optimization of 
the investigated amplifiers, supporting more elaborate models. 

The spatial beam quality of the InGaAs-MOPA system was measured in a 
first step by measuring the parameter as in Fig. 1. A beam waist was pro- 
duced approximately 140 mm behind a spherical focusing lens (/ = 150 mm) 
with the pump current set to 5 A. The measurements were carried out in 
both transverse dimensions and also as a function of the amplifier pump 
current. The beam quality was found to be excellent and approximately 
independent of the pump current, as expressed by a diffraction parameter 
close to unity, = 1.1 ± 0.2 (vertical to the plane of the active zone) 
and My = 1.1 ± 0.3 (parallel). As seen in Fig. 1, the measurements also 
yield the location of the beam waist and the beam radius. In the x direction, 
both the waist position and beam radius were found to be independent of the 
pump current of the amplifier. They varied, however, in the y direction by 
approximately 3 mm/ A and by 2.3 pm/ A, respectively. This effect is equiv- 
alent to a power-dependent astigmatism of the output beam. The reason for 
such a dependence is probably that the transverse refractive-index profile in 
the tapered amplifier depends on the pump current and the internal power 
density of light via a transversely inhomogeneous distribution of the inversion 
and temperature in the plane of the active zone. 

A practical conclusion can be drawn from the presence of this power- 
dependent astigmatism. In many situations the application of a diode-MOPA 
system is sensitive to the beam-focusing conditions while one needs to vary 
the optical power. In this case one should operate the MOPA system at 
constant, maximum pump current and instead use a variable attenuator in 
the output beam to adjust the power. A typical application of this kind 
is optically nonlinear frequency conversion by second-harmonic generation 
or optical parametric oscillation. Both processes are based on parametric 
amplification and therefore depend critically on a spatial matching of the 
involved wavefronts. A power-dependent spatial mode matching would result 
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in a dramatically reduced nonlinear conversion efficiency in certain ranges of 
input power. 

An analysis of the spatial beam quality properties in higher detail than 
with an measurement should be possible with a wavefront measurement. 
We performed such measurements using dynamical shearing interferometry 
as described in Sect. 1.2, to inspect the wavefront of a diode-MOPA system. 
The InGaAs MOPA was based on a 3mm-long tapered amplifier, emitting 
near a wavelength of Aq = 925 nm. In a first step the amplifier pump current 
was set to 8 A and the system emitted a total output of 3 W with an oscillator 
input power of 15 mW. The B coefficients obtained for spherical aberration 
and coma are — 0.3Ao/mm'^ and O.lAo/mm^ respectively, and were approxi- 
mately independent of the amplifier pump current. The coefficient for astig- 
matism varies approximately linearly with the pump current from a value of 
0.2Ao/mm^ at 2 A, to zero at 3.5 A, and then increases again to 0.5Ao/ mm^ 
at 8 A. 

Figure 8 shows the shape of the measured wavefront. Note that this phase- 
front is displayed by omitting the B coefficients for tilts and spherical curva- 
tures in both transverse dimensions. The displayed front thus corresponds to a 
measurement in a beam waist as if the beam were passed through aberration- 
free spherical and cylindrical optics to compensate spherical curvatures and 
astigmatism. 

It can be seen that the remaining higher-order phasefront distortions in 
Fig. 8 are different in the x and the y directions. The negative fourth-order 
parabolic shape in the y-direction (vertical to the plane of the junction) did 
not vary with the pump current. It may thus be caused by aberrations in 
the collimator lens which occur due to the high divergence of the radiation 



Fig. 8. Measured wavefront emitted by the 925 nm InGaAs-MOPA system at an 
output power of 3W. The x direction is parallel to the plane of the amplifier 
junction, the y direction is vertical. The displayed front is corrected for tilt and 
spherical curvatures, and also for astigmatism 
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in that plane. The positive parabolic shape in the x direction varies with the 
current. It may thus be caused in part by a variation of the refractive-index 
distribution within the plane of the junction. The RMS phase deviation from 
a beam with a purely spherical wavefront (which would be represented by a 
plane at 2 ; = 0 in Fig. 8) was numerically calculated for amplifier currents in 
the interval from 3.5 A to 8 A. This RMS deviation showed a constant value 
of Ao/10 independent of the current. This measurement proves a high beam 
quality at all power levels, as was also found from the measurements. 

In summary, the results described above demonstrate that advanced 
diode-MOPA systems are capable of generating CW output radiation at 
power levels of several watts with near-perfect spatial beam quality, spec- 
tral bandwidths on the order of a few MHz, and less than 2% ASE back- 
ground. Our recent experiments have so far increased the power of such 
high-brightness radiation from InGaAs-MOPA systems with a single tapered 
amplifier to above 5.4 W, by injecting 15 mW of single-frequency radiation 
from the master-oscillator into a 3 mm-long tapered amplifier pumped with 
a current of 10 A. This is so far the highest output from an all-diode-MOPA 
system or for a single-frequency system. Nevertheless, it can be expected that 
several tens of watts will become available in the near future, due to intense 
research and development in this field, and stimulated by applications, such 
as described throughout this book. 

7 Nonlinear Frequency Conversion 

with High-Brightness Diode-MOPA Systems 

High-power diode-laser radiation with high spatial beam quality or high 
brightness is of advantage for numerous direct applications as briefly de- 
scribed in the Introduction. Perhaps the most challenging application and 
strict proof of quality for the generated radiation is its direct nonlinear con- 
version. So far up to 156 mW of blue (486 nm) and 2.1 mW of ultraviolet 
(UV, 243 nm) radiation had been generated by frequency doubling the out- 
put from a monolithically integrated diode MOPA [64]. In the following we 
review recent experiments, where the diode-MOPA systems described in the 
previous sections have been applied to generate even more powerful CW light 
in the UV and blue spectral ranges, or to generate widely tunable light in 
the near- and mid-infrared. 

7.1 Second-Harmonic Generation 

As a result of the excellent brightness of the MOPA systems employed, the 
nonlinearly generated output is the highest power obtained so far by direct 
frequency conversion of diode radiation. Efficient generation of UV and visible 
light from infrared diode-lasers is usually based on Second-Harmonic Gener- 
ation (SHG) in nonlinear crystals placed in an external power-enhancement 
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resonator. The setup used by Wall and coworkers to generate UV [65] and 
blue radiation [66] is shown in Fig. 9. The pump source for UV generation was 
the AlGaAs-MOPA system tuned to a wavelength of 806 nm. At that time 
the second amplifier stage with the rectangular broad-area diode was not 
available. Nevertheless, the maximum single-frequency output power from 
the first stage with the tapered amplifier generated up to 600 mW of fun- 
damental radiation with a beam of high spatial quality = 1.1 in both 
planes) . 

To generate a maximum intensity in the crystal and thereby increase 
the conversion efficiency, the fundamental radiation was mode-matched with 
spherical and cylindrical telescopes into the power-enhancement ring cavity 
containing a suitable nonlinear crystal. To avoid back reflections into the 
amplifier a 40 dB Faraday isolator was used such that the power available in 
front of the ring was 400 mW. The power-enhancement ring cavity comprised 
two plane and two curved mirrors (Mi to M4 in Fig. 9) with HR coatings 
centered at 806 nm for a high finesse. A 0.7% transmission of the input mirror 
M3 was found to provide optimum impedance-matching, i.e. it gave a max- 
imum input coupling efficiency of the fundamental beam. At the resonator 
internal beam waist between the mirrors Mi and M2 a 16 mm- long Lithium- 
tri-Borate (LBO) crystal was placed which was cut for type-I critical phase 
matching of SHG, to obtain radiation with 403 nm wavelength. With the 




Fig. 9. Experimental setup for frequency doubling the output from an 806 nm Al- 
GaAs diode-MOPA system in a power-enhancement cavity containing a nonlinear 
LBO crystal, for the generation of CW single-frequency UV radiation at 403 nm 
([65]). The components labeled HC and PZT are a Hansch-Couillaud-type elec- 
tronic servo stabilizer and a piezo-electric transducer 
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crystal present, power-enhancement factors of around 70 were observed with 
a maximum input coupling efficiency of 70% of the fundamental beam into a 
single TEMoo mode of the ring cavity. This corresponds to a CW intracavity 
power of approximately 30 W and a power density of more than 1 MW / cm^ 
in the crystal, given the small mode radius of approximately 30 pm. We note 
that such numbers can only be achieved due to the excellent spatial and 
spectral quality of the diode radiation, since the power density in the crystal 
is based on good spatial and spectral mode matching of the diode-MOPA 
radiation into a single TEMqo mode of the cavity. 

For a stabilization of the fundamental power in the cavity versus acous- 
tic or thermally induced perturbation of the cavity length, a combination 
of two techniques was used, which keep the fundamental light frequency in 
resonance with the frequency of a particular TEMqq mode. The first is a well- 
known electronic technique developed by Hdnsch and Couillaud (HC) [67]. A 
detuning of the cavity-mode frequency with respect to the frequency of the 
fundamental laser mode causes a change in the polarization of light reflected 
from the cavity. This is monitored with a polarization-sensitive detector (HC 
in Fig. 9) and converted into an electronic error signal. After suitable ampli- 
fication the error signal is applied to a piezo-electric actuator (PZT) which 
counteracts perturbations of the cavity length. The response time of such 
servo loops is usually limited by the PZT to approximately 1 ms. To further 
shorten the response time, an optical stabilization technique was applied in 
addition. A small fraction of resonant fundamental radiation, leaking out of 
the end mirror M 4 , is fed back through the side port of the optical isolator 
in the MOPA system and is injected into the master-oscillator diode. This 
feedback locks the oscillator frequency to a cavity resonance with a fast re- 
sponse time of about 10 ns as given by the length of the optical feedback path. 
Further, it reduces the spectral bandwidth of the master-oscillator (and thus 
the MOPA output) to well below the approximately 10 MHz bandwidth of 
the cavity resonance for improved spectral mode matching. 

The UV power generated is shown in the upper part of Fig. 10. The max- 
imum output power of single-frequency 403 nm light is 100 mW for a diode 
pump power of 400 mW. The lower part of Fig. 10 shows the UV output as 
generated with a 12 mm-long Brewster-cut /3-Barium BOrate (BBO) crystal 
for critical type-I phase matching [65]. It can be seen that a similar output 
power is obtained although the walk-off angle in BBO of 3.9° is about four 
times larger than in LBO. This result is explained by the approximately two 
times higher nonlinear coefficient of BBO {des = 2pm/ V). A comparison of 
both sets of experimental data with theory (solid curves) shows good agree- 
ment, i.e. the UV output grows approximately quadratically at low pump 
powers and approaches a linear growth at higher powers, as expected for 
such systems. These results represent so far the highest UV output generated 
by diode-laser frequency doubling. Without saturation, such as via thermal 
effects in the crystal, the theoretical curves predict an output of 0.5 W, if 
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Fig. 10. UV output power gen- 
erated by frequency doubling 
the 806 nm radiation from an 
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the rectangular broad-area power amplifier is added to the pump source as 
shown in Fig. 3. 

Frequency doubling of the luGaAs-MOPA system described above looks 
even more promising, simply because that source can deliver high-brightness 
radiation of much higher power. Wall et al. [66] additionally stabilized the 
master-oscillator of that MOPA system with grating feedback in a Liftman 
configuration, and used the 3mm-long tapered amplifier. The MOPA out- 
put wavelength was grating-tuned to a wavelength of 930 nm and provided 
a maximum power of 4.1 W with less than 2 MHz spectral bandwidth and 
high spatial quality (M^ < 1.2 in both planes). The MOPA output was sent 
through two optical isolators (30 dB each) and spatially mode-matched to the 
power-enhancement ring cavity as in Fig. 9. A 4mm-long Brewster-cut LBO 
crystal was placed in the cavity beam waist having a 15 pm beam radius. 
With the maximum power of 3.2 W in front of the cavity the input coupling 
efficiency was 55% and the power-enhancement factor was 48. These values 
include the passive roundtrip losses of the cavity and the losses due to non- 
linear conversion in the crystal. The intracavity power calculated from these 
numbers is 155 W and corresponds to a power density of 30MW/cm^ in the 
crystal. As for the UV generation experiments described above, the funda- 
mental intracavity power was stabilized with a HC servo loop and optical 
feedback. The output power of blue light at 465 nm is shown in Fig. 11 as a 
function of the fundamental power coupled into the enhancement cavity. 

At a pump power of 1.7 W the generated blue output was 1 W, which 
corresponds to a conversion efficiency of 58%. The experimental data are in 
good agreement with a theoretical model (see solid line). The blue radiation 
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Fig. 11. 1 W of single-frequency blue radiation at 465 nm is generated by resonator 
internal frequency doubling the output from an InGaAs diode-MOPA system in a 
LBO crystal ([65] 

is emitted as a high-quality beam, according to = 1.2 in the walk-off 
plane of the crystal and = 1.1 vertically. Long-time stable operation was 
demonstrated over 30min with less than 10% instability of the 465 nm output 
power. So far, no saturation of the output power due to thermal effects in 
the crystal had been observed, such that a further increase can be expected 
with future improvements of InGaAs diode-MOPA systems. 

7.2 Diode-Pumped Optical Parametric Oscillators 

CW Optical Parametric Oscillators (OPOs) [68,69] are well suited for the 
generation of widely tunable signal and idler radiation in the near- and mid- 
infrared spectral regions with narrow spectral bandwidth. Among possible 
applications are molecular spectroscopy [70,71], trace-gas detection [72] or 
phase-coherent division of optical frequencies for precision measurements and 
future optical time standards [73,74,75]. Basically, an OPO consists of an 
optical resonator containing an optically nonlinear crystal. Above a certain 
threshold power, an injected pump-laser beam is efficiently converted into 
two other waves of longer wavelengths, called the signal and idler waves. De- 
pending on how many of the three waves are power-enhanced by the OPO 
resonator such OPOs are termed Triply, Doubly, or Singly Resonant (TRO, 
DRO, and SRO, respectively). TROs offer the advantage of a low threshold 
pump power, typically on the order of tens of mW, but a continuous wave- 
length tuning of the output (without spectral mode hops) is not possible due 
to spectral clustering [76]. SROs are of much higher interest, because a con- 
tinuous tuning of the signal and idler output frequencies can be achieved. A 
drawback is, however, the high pump power at threshold which is typically 
in the range of several to ten watts. For this reason SROs have been operated 
so far only with powerful solid-state lasers as pump source. 
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Of particular interest are diode-pumped OPOs. A main advantage of 
direct diode pumping is the wide and easy tunability of the diode pump 
laser, which can be used for an easy tuning of the OPO output wavelengths. 
A further option of direct diode-pumped OPOs is a compact design with 
a high overall efficiency. Diode-pumped OPOs were first demonstrated by 
Scheldt et al. using single-stripe diodes [77], however the OPO was triply- 
resonant which makes frequency tuning difficult. Subsequent work thus aimed 
on increasing the available diode power and to reduce the number of res- 
onant waves, but relied on conventional nonlinear crystals based on bire- 
fringent phase matching. With Potassium-Tytanyl-Phosphate (KTP) and 
Rubidium-Titanyl-Asenate (RTA) crystals diode-pumped DROs were real- 
ized [77,78,79,80] and showed an improved stability, tunability and output 
power. Besides the improvement of the output and beam quality of diode- 
lasers, new crystals with high nonlinearity have been developed. These are Pe- 
riodically Poled (PP) crystals with Quasi-Phase Matching (QPM) [81], such 
as PP-Lithium-Niobate (PPLN) [82], PP-Lithium-Tantalate (PPLT) [83], 
PP-Potassium-Titanyl-Phosphate (PPKTP) [84], and PP-Potassium-Niobate 
(PPKN) [85]. A main advantage of QPM in such PP crystals is the free choice 
of the phase-matching wavelength via the poling period. Further, due to a 
free choice of the polarization of the interacting waves one can access the 
biggest element of the susceptibility tensor (with parallel polarizations) and 
also avoid walk-off. PP crystals thus offer a high nonlinearity which has been 
used, e.g., to lower the pump power at threshold for SROs into the range 
1-2 W [86]. The combination of PP crystals with advanced diode-MOPA sys- 
tems, such as presented in Sect. 6, should therefore also allow the operation 
of SROs with direct diode pumping [87] . 

Recently, the first diode-pumped SRO was demonstrated by 
Klein et al. [88]. The setup is similar to the one shown in Fig. 9, however 
with the electronic and optical feedback omitted. The pump source was an 
InGaAs-MOPA system, as described in Sect. 6, with a tapered amplifier op- 
erating at wavelengths near 925 nm. The oscillator was a single-stripe diode 
with an external grating-mirror feedback in Liftman configuration. The sys- 
tem provided up to 2.5 W single-frequency radiation in a near diffraction- 
limited beam, wavelength-tunable via the grating. The OPO consisted of a 
38mm-long PPLN crystal in a four-mirror ring resonator. Singly resonant 
oscillation on the signal wave had been achieved by using mirrors with high 
reflectivity for the signal wave {R > 99.8% at 1560 — 1770 nm) but with high 
transmission for the pump and idler waves (T = 99% at 925 nm, T > 98% at 
2.07 — 2.19 pm, all mirrors). The power roundtrip losses thus exceed 99.9999% 
for both the pump and the idler wave. 

Figure 12 shows the output power of the idler wave at 2.1 pm measured in 
dependence on the pump power. The data indicate a threshold pump power 
of about 1.6 W. The idler wave is emitted as a single-frequency beam. As 
the signature of singly resonant oscillation, Klein et al. observed a contin- 
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Fig. 12. Idler-wave output power at 2.1 p,m wavelength of a singly resonant CW 
OPO (CW-SRO) pumped with a high-power InGaAs diode-MOPA system operat- 
ing at 925 nm. The idler wave (and 120 mW of residually transmitted signal wave 
emitted in addition) had spectral bandwidths of a few MHz ([88]) 

uous tunability of the OPO output frequencies over nearly an entire FSR 
(1.3 GHz) of the OPO cavity, achieved by piezo-electrically scanning the cav- 
ity length. The maximum idler output power in a single beam was 480 mW 
at the maximum pump power of 2.5 W. The power stability of the output 
was better than 0.3% (RMS) over Imin and better than 0.9% over 17min, 
although no electronic or optical stabilization had been used, neither for the 
diode MOPA nor for the OPO. 

The signal and idler wavelengths of the diode-pumped SRO were tunable 
in the ranges 1.55 pm to 1.70 pm and 2.03 pm to 2.29 pm, respectively, via a 
variation of the crystal temperature over the range around 12°. A particular 
advantage of a diode-laser as the OPO pump source (in comparison, e.g., 
to a diode-pumped Nd solid-state laser), is the wide and easy tunability of 
the pump wavelength. Figure 13 shows the wavelength of the signal wave 
in dependence on the wavelength of the pump radiation. As seen from this 
figure, tuning of the MOPA output from 924 nm to 925.4 nm changes the 
signal wavelength (and correspondingly the idler wavelength) over the same 
intervals as those covered by temperature-tuning (1.55 pm to 1.70 pm and 
2.03 pm to 2.29 pm, respectively). One should mention that tuning of the 
OPO via the diode-laser wavelength bears a significant potential for high- 
speed tuning, e.g. to obtain a quick and random wavelength access for multi- 
component gas monitoring. Resent results show a 56 GHz continuous tuning 
of the diode pumped SRO and its application to molecular spectroscopy [89]. 
Also the first synchronously-pumped OPO driven directly with a diode laser 
has been realized, by replacing the GW master-oscillator in Sec. 6 with an 
actively mode-locked (picosecond emitting) oscillator diode [90]. 

In conclusion, the diode-pumped OP Os have now entered a field which has 
previously been dominated by powerful solid-state laser systems. Again, since 
the threshold power of OPOs critically depends on the spatial and spectral 
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Fig. 13. Wavelength of the SRO signal wave in dependence on the wavelength of 
the diode-pump MOPA system measured for a fixed temperature of 175.8° C ([88]). 
The experimental data {squares) are in good agreement with the values calculated 
by the Sellmeier equations of Lithium Niobate 

mode quality of the pump source, all of these achievements have resulted 
from the high brightness of the diode pump systems used. 

8 Summary 

We gave an overview on recent developments in the field of high-power high- 
brightness diode-laser systems. We described the generation of CW-laser 
beams at power levels of several hundreds of mW to several watts, with ex- 
cellent spatial and spectral quality. With single-stage or double-stage MOPA 
systems, employing diode amplifiers in tapered or rectangular geometry, up to 
2.85 W of high-brightness radiation can be generated at wavelengths around 
810 nm with AlGaAs diodes or at powers exceeding 5 W with InGaAs diodes. 
We described the setup of such diode systems, reported on their basic prop- 
erties, and reviewed methods to characterize the spatial quality of the output 
beam. As a strict proof-of-quality for the excellent spatial and spectral quality 
of the diode output we reviewed recent experiments with direct nonlinear op- 
tical conversion of near-infrared diode-MOPA radiation into other wavelength 
ranges with high power and efficiency. Examples are the generation of single- 
frequency GW ultraviolet radiation with powers of up to 100 mW, and the 
generation of single-frequency GW blue light with powers of up to 1 W, both 
achieved by intracavity frequency doubling of diode-laser radiation. Another 
example is the generation of widely tunable single-frequency infrared radia- 
tion with powers above 0.5 W with GW OPOs which are directly pumped by 
high-brightness diode-laser systems. The reviewed experiments demonstrate 
that current diode-MOPA systems have reached a considerable degree of ma- 
turity. Already, it can be expected that certain applications would benefit 
by replacing solid-state lasers in their traditional applications. Most promise, 
however, lies in the ongoing research and development of high-brightness 
diode systems assisted by efficient nonlinear conversion, giving room for new 
applications in a vast range of the electromagnetic spectrum. 
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loss rate in an optical resonator 

Distance from the diode-laser front facet 

FWHM power beam diameter measured at 

a distance D from the diode-laser facet 

1 /e^-power power radius of a Gaussian beam measured at 

a distance D from the waist 

Beam diameter in the plane of the diode facet 

Experimentally determined FWHM divergence angle of 

a laser beam 

Laser wavelength 

1 /e^ power radius of a real laser beam 

Longitudinal coordinate of beam propagation 

Transverse coordinates, vertical to beam propagation 

Position of beam waist 

Rayleigh length of a focus in a real beam 

1 / e^-power radius in the waist of a Gaussian laser beam 

Wavefront of a laser beam 

Radius of curvature of a wavefront 
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Taylor-expansion coefficients of optical path difference 
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Transverse displacements of a wavefront 
Optical path difference between two wavefronts 
Propagational phase lag between two wavefronts 
Angle of incidence 

Transverse intensity distribution (interference pattern) 
Second moment of the transverse intensity distribution in 
a laser beam 

Galculated FWHM divergence angle of a laser beam 
Rayleigh length of the focus in a Gaussian beam 
Focal length of a lens 
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Anti-Reflection 
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Amplifled Spontaneous Emission 
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Charged-Coupled Device (camera) 

Catastrophic Optical Damage 

Confocal Scanning Fabry-Perot Interferometer 

Continuous Wave 

Distributed Bragg grating 

Distributed FeedBack 

Doubly Resonant OPO 

Fabry-Perot 

Free Spectral Range of an optical resonator 
Full Width at Half Maximum 

Graded Refractive Index and Separate Confinement 
Heterostructure 

Hansch-Couillaud-type servo loop 

High-Reflection 

Half-Width Half-Mean 

Potassium-Titanyl-Phosphate 

Lithium-tri-BOrate 

Master-Oscillator Power- Amplifier 

Optical Parametric Oscillator 

Power-In-the-Bucket number to describe spatial 

beam quality 

Periodically Poled Lithium Niobate 
Piezoelectric actuator (Transducer) 
Quasi-Phase-Matching 
Quantum Well 

Root-Mean-Square value to describe spatial 
beam quality 

Rubidium-Titanyl- Arsenate 

Scanning Fabry-Perot Interferometer 

Second-Harmonic Generation 

Singly Resonant OPO 
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describe spatial beam quality 
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Abstract. The development of high-power, high-brightness tapered diode lasers 
and laser amplifiers is reported in this review. Experimental and theoretical work 
is described that aims to improve the beam quality of these devices at output 
power levels well above 1 W. Special emphasis is laid on the dependence of the 
beam quality on the design of the epitaxial layer structure. For tapered diode lasers 
as well as for tapered laser amplifiers, the introduction of layer structures with a 
reduced modal gain leads to an improvement in beam quality by an order of mag- 
nitude. At output power levels of 2 W and CW operation beam-quality parameters 
of — 2 are achieved. The corresponding far-held widths are near the diffraction 
limit. Furthermore, a tunable diode-laser system is presented that consists of a ta- 
pered ampliher chip and a diffraction grating in an external cavity. This high-power 
high-brightness diode-laser system provides a narrow-bandwidth emission spectrum 
together with a wide-range tunability. 



A new type of tapered laser array is described comprising 25 individual ta- 
pered emitters. 25 W CW output power is obtained from a single 1 cm-wide 
array with an averaged beam-quality parameter of = 2.6 at this power 
level. Compared to conventional broad-area arrays, the beam quality of the 
tapered array is higher by an order of magnitude. Due to their beam quality 
and their low-cost manufacturability, this new type of high-power diode laser 
array is the most promising device for the direct application of diode-lasers 
in materials processing. 

High-power, high-brightness diode lasers are gaining more and more inter- 
est for applications previously dominated by expensive and inefficient solid- 
state lasers due to their better efficiency, compactness, and reliability. Among 
others, frequency doubling [I], free-space communication [2], and direct ma- 
terials processing [3] are fast-growing fields where semiconductor-diode lasers 
are going to play a major role and will take a considerable part of the 
world laser market. In all of these applications, high output power together 
with a nearly diffraction-limited beam quality are either key requirements or 
strongly improve the system performance. 



R. Diehl (Ed.): High-Power Diode Lasers, Topics Appl. Phys. 78, 265—288 (2000) 
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1 Introduction 

The optical mode volume of high-power semiconductor-laser sources has to 
be enlarged in order to reduce both the junction temperature of the diode 
laser and the optical power density at the laser facet. These demands lead to 
the design of broad-area devices with LOG (Large Optical Cavity) epitaxial 
layer structures that have become the standard layer structure for high-power 
devices during the last few years [4] . The main drawback of these gain-guided 
broad-area devices is the loss of a lateral mode confinement that results in a 
rather poor beam quality due to self-focusing and filamentation processes [5]. 

A lot of different solutions have been proposed in the last few years to over- 
come these problems and achieve high output power together with high beam 
quality. The main effort has been directed to develop broad area structures 
that support only one lateral mode. Tapered devices [6,7,8], Distributed- 
FeedBack (DFB) lasers [9], Anti- Resonant Ridge Optical Waveguide (AR- 
ROW) lasers [10], and monolithically integrated Master-Oscillator Power- 
Amplifiers (MOPAs) [11] have been demonstrated and all of them are able 
to produce output powers well above 1 W together with a high beam quality. 

Among these, devices based on tapered gain sections seem to be the most- 
promising candidates when a reproducible and low-cost fabrication is a fur- 
ther requirement. 

Although tapered laser oscillators and amplifiers have already demon- 
strated high beam quality at power levels well above 1 W [6,7,8], beam fila- 
mentation remains the problem that limits the device performance [12]. Due 
to the interaction between the optical power and the carrier density in the 
active region of broad-area devices, spatial hole-burning leads to a spatially 
inhomogeneous refractive index that causes the degradation of the optical- 
beam profile. 

This review is focused on the design and the performance of high-power ta- 
pered diode-laser oscillators, diode-laser amplifiers, and tunable high-bright- 
ness diode-laser systems. It gives an overview of theoretical and experimental 
work that has been carried out in order to improve the beam quality as well 
as to enhance the output power of these devices. As an important result, it is 
shown that the epitaxial layer structure has a large impact on the beam qual- 
ity of tapered devices, especially at high output power levels. Layer sequences 
with a low optical confinement have been found to be much less sensitive to 
beam filamentation because of their reduced differential gain. These struc- 
tures with confinement factors well below 2 % are called LMG (Low Modal 
Gain) structures in contrast to HMG (High Modal Gain) structures with 
confinement factors higher than 2%. Experimentally we have shown that the 
beam quality of tapered laser oscillators and amplifiers can be improved by 
an order of magnitude when epitaxial layer structures with reduced modal 
gain are used for the device fabrication. 

This review is organized as follows. First, the beam filamentation pro- 
cess is reviewed that leads to the decrease of beam quality in broad-area 
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devices. Then, from the dependence of the refractive index on the carrier 
density, the concept of LMG structures is explained that results in the re- 
duction of the beam filamentation and increases the beam quality. Second, 
high and low modal gain structures are investigated theoretically by BPM 
(Beam-Propagation Method) calculations. From these results, epitaxial layer 
structures are derived that enabled the experimental comparison of fabricated 
devices with modal gain structures similar to the modeled designs. The fol- 
lowing paragraphs describe the performance of broad-area devices that were 
fabricated from the different layer structures and some details of the facet 
coating and the mounting technology are presented. After this, an extensive 
description of experimental data from both tapered laser oscillators and ta- 
pered amplifiers follows. A comparison of the beam quality of LMG devices 
and devices with a conventional HMG design is performed. Throughout this 
review, the beam-quality factor is used to qualify and to compare the 
experimentally achieved beam profiles. 

Tunable high-power, high-brightness diode-laser oscillators in an exter- 
nal grating configuration are introduced in Sect. 7.3. Experimental results, 
including tuning range, side-mode suppression, and beam quality are pre- 
sented. 

Tapered diode-laser arrays comprising 25 tapered laser oscillators are de- 
scribed in Sect. 7.4. These devices are able to deliver 25 W of GW output 
power together with a high beam quality of each single emitter. 

The chapter concludes with a short discussion of the advantages and dis- 
advantages of tapered LMG devices compared to other approaches for high- 
brightness and high-power diode-laser sources. 



2 Theoretical Background 

In broad-area semiconductor-diode lasers, the main reason for the deteriora- 
tion of the beam quality is the interaction between the amplified optical wave 
and the carrier density in the active region of the device. High optical power 
densities lead to spatial hole-burning, increase of the refraction index, and 
self-focusing of the propagating wave. As a result of these processes, beam 
filamentation occurs and the beam quality strongly degenerates [5] . 

The complex refractive index n of the diode-laser waveguide as a function 
of the carrier density n can be written as [13] 

n{n) = no - ^gm{n)a + ^[ffm(n) - Oi] . (1) 

In this equation g-m{n) = rg(n) is the modal optical gain given by the 
product of the material gain g(n) and the optical confinement factor F. The 
optical confinement is determined by the overlap between the vertical mode 
profile in the waveguide structure and the active material, k is the vacuum 
wavenumber and ng is the carrier-independent part of the optical index; 
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a{a > 0) and are the linewidth enhancement factor and the internal 
optical losses, respectively. The differentiation of (1) leads to 



Sn{n) 



^Sgm{n){i - a) , 



( 2 ) 



when a constant a-factor can be assumed. From (2), it can be seen that the 
differential refractive index is determined by the differential modal gain. It 
follows that a reduced differential modal gain also reduces the variation of 
the refractive index due to spatial hole-burning, thereby leading to a reduced 
sensitivity to self-focussing and filamentation. Obviously, a low linewidth en- 
hancement factor a is a further demand in order to achieve a low index 
variation. The relationship between refractive index variations and the dif- 
ferential gain opens the possibility to increase the beam quality in broad-area 
devices by proper design of the epitaxial layer sequence. An epitaxial layer 
sequence with a reduced differential gain will automatically help to suppress 
the beam filamentation and improve beam quality. These layer structures 
are called LMG (Low Modal Gain) structures and they can be realized by 
reducing the optical confinement factor of the waveguiding layers in a diode 
laser. 

As an example. Fig. 1 shows the calculated modal gain (after [14]) of 
a 8 nm-wide InGaAs quantum well embedded in AlGaAs waveguide layers 
with different optical confinement factors of T = 1.35% and F = 2.7%. The 
transparency current density in this material system is around 60 A/cm^ and 
the dependence of the modal gain on the current density can be approximated 
by a logarithmic function. 

If, for example, a diode laser needs a modal gain of 20cm“^ at threshold, 
the differential modal gain of a device with F = 1.35% is by a factor of four 
lower compared to a device with F = 2.7%. According to (2) the reduced 




Fig. 1. Calculated modal gain of a 8 nm-wide InGaAs quantum well embedded in 
AlGaAs-waveguide layers with different optical confinement factors of F = 1.35% 
and r = 2.7% ([14]) 
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modal gain leads to a reduced sensitivity of the refractive index on carrier 
variation and should result in a reduced beam filamentation. 

This advantage of LMG structures has to be traded off by a higher 
threshold-current density of the device due to the reduced modal gain. This 
disadvantage is often acceptable because high-power diode lasers are operated 
well above their threshold. In this case, an increase of the laser threshold- 
current reduces the wall-plug efficiency by only a few percent. 



3 BPM Simulations 

In order to verify the idea of reducing the beam filamentation by the use 
of LMG epitaxial layer structures, BPM calculations were carried out for 
tapered laser amplifiers with optical confinement factors of T = 1.35% and 
r = 2.7%. The program takes into account the nonlinear optical gain and 
the carrier diffusion [15]. The program algorithm may be explained as fol- 
lows. For one-pass simulations, the program solves self-consistently the wave 
equation using a BPM algorithm and the diffusion equation. The material 
gain has been chosen according to [14]. An input power of 10 mW, a linewidth 
enhancement factor of a = 2.4 and a carrier lifetime of 1.5 ns are assumed. 
Simulations of L-I curves of 2 mm- long tapered structures with a 200 pm- wide 
output aperture are in good agreement with measurements. Figure 2 shows 
the calculated evolution of the beam profiles in tapered amplifiers with dif- 
ferent optical confinements T. A perfect Gaussian beam profile is assumed 
for the input-power distribution and the driving currents of the amplifiers 



a = 24 
r=i7% 

Pbut = 1.1 W 



a =2.4 
r= 1.35 % 

Pout = 1.1 W 





Fig. 2. Calculated evolution of the beam profiles in tapered semiconductor 
traveling-wave amplifiers with different optical confinements F. The lateral and 
longitudinal dimensions are given in micrometers 
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are adjusted for an identical amplified output power of 1.1 W. For this cal- 
culation, ideal reflectivities of the amplifier facets of i? = 0 were used. At 
this output power level the high modal gain structure with F = 2.7% gives a 
calculated near-held distribution that severely suffers from fllamentation. In 
contrast, the beam profile of the LMG structure shows a well-defined top-hat 
profile without any degradation of the beam quality. 

Almost identical results are obtained from the simulation of tapered laser 
oscillators. 

4 Epitaxial Layer Structures 

Taking into account the simulation results, two different epitaxial laser struc- 
tures were grown by MBE (Molecular-Beam Epitaxy) in the luAlGaAs ma- 
terial system. Both, Fig. 3 and Fig. 4, include a single 8 nm-wide quantum 
well with an indium content of 22% as the active region, resulting in an emis- 
sion wavelength of 1020 nm. The HMG structure is realized with a standard 
GRINSGH (GRaded INdex Separate Gonfinement Heterostructure) design 
that is optimized for a high confinement factor and a low threshold current. 
In contrast, the LMG design consists of a step-index structure with a reduced 
A1 content of 40% in the cladding layers and extended core layers of 1 pm 
total width with an A1 content of 20%. The calculated confinement factors 
of these structures are 2.7% and 1.35%, respectively. In both of the layer 
sequences the core region remains undoped. 

The emission wavelength of the diode laser made from these epitaxial 
layer structures depends on the indium content of the quantum well. It can 
be adjusted between 920 nm and 1060 nm by varying the indium mole fraction 
between 12% and 27%. 

The basic data of the layer sequences are compared in Table 1. Experi- 
mentally, we observed in Fabry-Perot diode lasers internal optical losses of 
3/cm for the high modal gain structure and 1/cm for the LMG structure 
together with an internal quantum efficiency of 90%. The difference between 
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Fig. 4. Composition of the 
LMG step-index structure 



the internal losses corresponds to the amount of optical power that is guided 
in the doped cladding layers of the two layer structures. A linewidth enhance- 
ment factor of a = 2 was obtained from the emission spectra of single-mode 
Fabry-Perot diode lasers and this value was found to be nearly independent of 
the design of the optical-confinement layers. Of course, the threshold-current 
density of the LMG devices has to be higher due to the reduced confinement 
factor. Almost-identical characteristic temperatures around 140 K were found 
for both layer structures. 



Table 1. Basic data of LMG- and HMG-layer structures 



Layer structure 


LMG 


HMG 


Optical confinement 


r = 1.35% 


r = 2.70% 


Internal efficiency 


rji — 0.9 


rji = 0.9 


Internal losses 


Oi = 1 cm~^ 


Oi = 3 cm~^ 


Linewidth enhancement 


a = 2.1 


a = 2.0 


Gharacteristic temperature 


140 K 


146 K 


Transparency current density 


120Acm“^ 


SOAcm"^ 



4.1 Comparison of LMG and LOC Structures 

It has to be emphasized that LMG structures have some basic differences 
compared to the well-known LOG structures. In the LOG structures, the 
vertical beam dimension in the optical waveguide of the diode laser is enlarged 
by expanded core layers in order to reduce the optical power density at the 
laser facets and to raise the Gatastrophic Optical Mirror Damage (GOMD) 
level of the device. A possible increase of the threshold current due to a lower 
optical confinement and a decrease of the differential modal gain is often 
prevented by the use of two quantum wells [4]. These devices are generally 
designed for high wall-plug efficiency and high GOMD levels. 

In contrast, LMG structures, as described in this chapter, take advantage 
of the reduced optical confinement which suppresses the beam filamentation 
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and improves the beam quality due to the reduction of the differential modal 
gain as described in Sect. 2. A simple way to reduce the optical confinement is 
the use of extended waveguiding layers and a single quantum well as the active 
region. The lower optical confinement is not compensated by using a higher 
number of quantum wells. As has been shown in this chapter, this results in 
a near-diffraction-limited beam quality of tapered broad area devices at high 
power levels. 

The LMG structures further benefit from the higher COMD level that is 
achieved by using extended vertical beam dimensions, similar to LOG struc- 
tures. Of course, the advantages of LMG structures with respect to beam 
quality have to be paid for by a higher threshold current and a reduced 
conversion efficiency due to their lower optical gain. 



5 Broad-Area Diode Lasers 
with LMG Layer Structures 

80 pm- wide broad-area diode lasers were fabricated from the LMG layer struc- 
tures in order to examine the high-power capability of the epitaxial material, 
the facet coating and the mounting technology. After thinning and cleaving, 
the front facets of the devices were anti-reflection coated to a residual reflec- 
tivity of 1% by a single layer of SiN by reactive magnetron sputtering. The 
back facets were high-refiection coated to a reflectivity of 90% by a stack of 
two Si02/SiN layers with the same technology. The devices were mounted 
p-side down on standard copper heat sinks with indium solder. 

Figure 5 shows the L-I characteristic and the conversion efficiency of 
a 2mm-long device at a heat-sink temperature of 10° G [IG]. A maximum 




Fig. 5. L-I characteristic and conversion efficiency of a 100 pm x 2000 pm broad- 
area diode laser fabricated from the LMG layer structure 
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output power of 9.2 W CW is achieved at a current of 10 A. The threshold 
current density is 170A/cm^ and the external efficiency reaches 82%. The 
low series resistance of 60 mW and the high internal efficiency result in a 
high overall efficiency. A maximum efficiency of 59% is achieved at an output 
power of 3 W. Between 0.7 W and 9.2 W of CW output power, the conversion 
efficiency is higher than 46%. These results are comparable to the best pub- 
lished data for Metal-Organic Vapor-Phase Epitaxy (MOVPE)-grown and 
Al-free broad-area diode lasers. Devices driven at 1.5 W CW output power 
show extrapolated lifetimes in excess of 20 000 h. 

These results clearly show the reliable high-power capability of both the 
MBE-grown LMG epitaxial layer structures and the facet coatings. 



6 Fabrication of Tapered Devices 

Tapered laser oscillators and laser amplifiers similar to those devices reported 
in [6] were fabricated from both the HMG and LMG epitaxial layer structures. 
Figure 6 shows a schematic of the tapered laser oscillator geometry. At the 
narrow facet dry-etched grooves provide a lateral mode filter in order to 
improve the beam quality. A taper angle of 6° together with a device length 
of 2 mm lead to an emitting aperture of about 200 pm width. After thinning 
and cleaving high-reflection {R = 90%) and anti-reflection {R = 0.05%)- 
coatings are deposited on the facets in order to achieve maximum power 
extraction from the broad anti-reflection-coated front facet. 

The lateral dimensions of the tapered laser oscillators described here are 
very similar to the devices published in [6] . 

The fabrication of tapered laser amplifiers is almost identical to the fab- 
rication of the oscillators. The only difference is the use of anti-reflection 
coatings on both the input and the output facet. Similar to the broad-area 
diode lasers, the facets are coated by reactive magnetron sputtering of Si with 




Fig. 6. Tapered laser oscillator 
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oxygen and nitrogen as reactive gases. The high-reflection coatings consist of 
two pairs of Si/Si 02 layers whereas the anti-reflection coating is provided by 
a single layer of index-matched SiON. The devices are mounted p-side down 
on copper heat sinks with indium as solder in order to obtain CW operation 
at high driving currents. 



7 Experimental Results 

7.1 Tapered Laser Oscillators 

Figure 7 shows a typical L-I characteristic of a tapered diode laser based 
on the LMG layer structure. A maximum output power of more than 3 W 
is observed under CW operation at a drive current of about 5 A. The wall- 
plug efficiency reaches a maximum of 36% and remains well above 30% at 
the highest power level. The threshold current of 540 mA corresponds to a 
threshold current density of 240 A/cm^ for a 2mm-long device. The external 
efficiency is 0.65 W/ A. 

Similar L-I characteristics were obtained from the HMG devices with an 
optical confinement factor of T = 2.7% together with a slightly improved 
wall-plug efficiency due to a lower threshold. These results are comparable 
to the data published in [6] and in [7]. 

In order to investigate the beam quality of tapered laser oscillators, the 
beam-quality parameter was measured after ISO 1 1 146 with a commercial 
beam-analysing system. Figure 8 depicts the experimentally observed beam- 
quality parameters of typical LMG and HMG tapered diode lasers at different 
output powers. As expected from the BPM calculations, the beam quality of 
the HMG device severely degrades at higher power levels. In contrast, the 




Fig. 7. L-I characteristic and wall-plug efficiency of a tapered diode laser with 
LMG- layer structure and 2 mm resonator length 
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Fig. 8. Dependence of the 
beam-quality parameter 
of tapered diode lasers on 
the output power for differ- 
ent optical confinements F 



beam-quality parameter of the LMG device remains below a value of = 3, 
indicating the high brightness of the emitted optical power. 

Far-held prohles of the LMG device were measured after the removal of the 
quadratic phase front divergence by a cylindrical lens, as described in Sect. 6. 
An example for the evolution of the beam prohles with increasing output 
power is given in Fig. 9. A near-dihraction-limited and power-independent 
far-held angle of 0.24° FWHM is obtained up to an output power of 2 W. 
The measured parameters range between a value of = 1 .4 at 500 mW 
and a value of = 2.2 at 2 W of output power. The increase in the 
parameter is predominantly caused by the rise of small side lobes at high 
output powers. In the measurement these side lobes increase the 1/e^ 
width of the htted Gaussian prohle, thereby increasing the calculated beam- 




Fig. 9. Far-held prohles and beam-quality parameters of a tapered LMG diode 
laser at diherent output powers 
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quality parameter although the far field angle at the Full Width at Half 
Maximum (FWHM) level remains at a constant value. 

The high beam quality of tapered lasers with LMG structures easily allows 
a highly efficient coupling of the emitted optical power into a multimode fiber. 
The experimental setup used for the fiber coupling is shown in Fig. 10. The 
output power of the diode laser is collimated in the vertical dimension by 
a spherical lens with a focal length of / = 8 mm. The strong astigmatism 
caused by the gain-guiding of the lateral mode in the tapered resonator and 
the index-guiding of the vertical mode has to be corrected by an additional 
cylindrical lens. With the / = 100 mm cylindrical lens the beam profile is 
collimated in the horizontal dimension to a beam diameter of approximately 
1 cm in both dimensions. The optical power is then focused by a second 
spherical lens on an optical fiber with 50 pm core diameter and a numerical 
aperture of NA = 0.2. In order to match the NA of the fiber a focal length 
of 30 mm is chosen for this lens. 




The optical power of a 3mm-long tapered diode laser coupled into the 
fiber is shown in Fig. 11. At a driving current of 6 A the output power of 
the diode laser is about 2.8 W and the power in the fiber reaches 1.5 W. The 
coupling efficiency, measured from the diode-laser facet to the fiber, reaches 
more than 50%. The corresponding power density of 75kW/cm^ is sufficient 
for cutting and welding polymers. 

It has to be emphasized that no optical isolator was used in the experi- 
ments. This indicates a high insensitivity of the beam quality against optical 
feedback from the uncoated fiber. 

7.2 Tapered Laser Amplifiers 

Tapered amplifiers with LMG and HMG layer structures as described in 
Sect. 6 were tested in a hybrid master-oscillator power-amplifier configu- 
ration. Figure 12 shows a scheme of the experimental setup. A single-mode 
Fabry-Perot diode laser, that can provide a maximum output power 
of 50 mW in a near-diffraction-limited beam, serves as the master oscillator. 
The optical power of this diode laser is collimated by a microscope objec- 
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Fig. 11. Fiber coupling of a ta- 
pered diode laser 




Fig. 12. Experimental setup for the characterization of tapered amplifiers in a 
hybrid master-oscillator power-amplifier configuration 



five and is coupled into the narrow input waveguide of the tapered power 
amplifier. 

Figure 13 shows the L-I curve of an LMG amplifier at an input power 
of 32 mW. At a drive current of 4 A, the amplified optical power reaches 
2.1 W and the optical gain at this input power is 18 dB. A slope efficiency of 
0.7 W/ A and a maximum power-conversion efficiency of 35% are achieved. 
Without input power, the amplifier emits about 250 mW of spontaneous emis- 
sion. Lasing of the amplifier is completely suppressed by the excellent anti- 
reflection facet coating. The optical spectrum of the amplified high-power 
emission is an almost perfect image of the master oscillator’s optical spec- 
trum. As shown in Fig. 14, a side-mode-suppression ratio of more than 30 dB 
can easily be achieved together with a resolution-limited 3 dB bandwidth of 
less than 0.11 nm. Nearly identical results were obtained from HMG amplifier 
devices. 
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Fig. 13. L-I characteristic 
of a tapered high-power am- 
plifier of 2 mm length with 
32 mW of input power and 
withont input power 




Wavelength (nm) 



Fig. 14. Optical output spectrum of a tapered amplifier at a driving current of 3 A 
and 15 mW of master-oscillator input power. The optical output power under these 
conditions is 1.4 W 



The beam quality remains the main difference between these two types of 
device structures. Similar to the tapered laser oscillators, the beam quality 
of tapered laser amplifiers with LMG layer structures is by far better than 
the beam quality of HMG amplifiers. This is shown in Fig. 15 where the 
beam-quality parameters of amplifiers with different optical confinements are 
compared. Again, the beam-quality parameter of the LMG devices is by an 
order of magnitude lower at output powers around 2W [19,20]. As a best 
result, a near-diffraction-limited beam-quality parameter of = 1.6 at 
2.1 W GW output power could be observed. 
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Fig. 15. Dependence of the beam-quality parameter of tapered laser amplifiers 
with HMG {upper curve) and LMG {lower curve) designs on the output power 
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Fig. 16. Far-held pattern of a tapered laser ampliher at 2.1 W of GW output power 
with a beam-quality parameter of = 1.6 



Figure 16 depicts the corrected far-held prohle at 2.1 W output power 
with a near-diffraction-limited far-held angle of 0.26° at FWHM. 

7.3 Tunable High-Brightness Diode-Laser Systems 

Tunable high-power and high-brightness diode-laser systems with a narrow 
emission spectrum have many possible applications in helds such as spec- 
troscopy, frequency-conversion (e.g. laser TV), pumping of solid-state laser 
materials, and others. A simple way to build such a laser system is the use of 
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Fig. 17. Schematic experimental setup of the grating-tuned external-cavity high- 
brightness diode-laser system 



a diffraction grating as an external reflector which provides for wavelength- 
selection and tunability. Figure 17 shows the setup of the laser system con- 
taining a tapered amplifier as the active device and a diffraction grating [21]. 
The amplifier is identical to those described in Sect. 7.2. The optical cavity 
is built up by the broad facet of the amplifier and the diffraction grating 
which can be tilted for wavelength-tunability of the laser system. The light 
emitted by the narrow facet of the amplifier chip is collimated by an aspheric 
lens of / = 6.5 mm. The grating is mounted in the Littrow configuration and 
is oriented so that the grating lines are parallel to the active region of the 
amplifier in order to disperse the spectrum perpendicular to the epilayers. 
In this configuration, the only 1 pm-thick vertical waveguide serves as the 
entrance slit of a monochromator, thereby increasing the side-mode suppres- 
sion of the optical spectrum. A half-wave plate is inserted into the external 
cavity in order to rotate the direction of polarization perpendicular to the 
grating lines. This increases the reflectivity of the grating in the first order 
by about 13%. 

Figure 18 shows the tuning curve of the external-cavity laser for CW 
operation. An output power of more than 1.0 W is obtained over the wide 
tuning range of 55 nm from 1030 nm to 1085 nm for a current of 4 A. Also 
shown in the diagram is the operating current necessary to obtain 1.0 W of 
output power with a minimum of 2.3 A at 1055 nm. At 1055 nm the maximum 
output power of 1.6 W is reached at 4 A. At 1083 nm the device emits more 
than 1.0 W with a drive current of 4 A. 

The emission spectra for various grating positions can be seen in Fig. 19. 
The side-mode suppression over the entire tuning range varies between 40 dB 
and 50 dB. The highest side-mode suppression is obtained when the wave- 
length is tuned to the maximum optical gain around 1055 nm wavelength. 
The measured linewidth (FWHM) is about 0.1 nm, limited by the resolu- 
tion (0.1 nm) of the optical spectrum analyser. In the spontaneous-emission 
spectrum a weak modulation with a period of about 2 nm occurs which is 
attributed to a residual reflectivity at the 80 pm- long input waveguide. This 
can be seen in operation without the grating or when the lasing wavelength 
is tuned to the extremes of the tuning range. 
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Fig. 18. Tuning curves of the external-cavity diode-laser system 




Wavelength (nni) 



Fig. 19. Tuned emission spectra of the external-cavity diode-laser system between 
1025 nm and 1085 nm at a drive current of 3 A 



Similar to the tapered laser amplifiers in a hybrid master-oscillator power- 
amplifier configuration (Sect. 7.2) the tunable laser system provides a high 
beam quality at high output powers. For 1 W of output power at 3 A the 
beam-quality factor IVP is below 2.0 from 1035 nm to 1075 nm. 

Figure 20 shows the effective far-held intensity pattern at 1055 nm and at 
3 A of driving current. The FWHM is 0.33° and 84% of the 1.3 W total output 
power is within the main lobe. The measured value at this operating point 
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Fig. 20. Corrected far field 
of a tunable diode-laser sys- 
tem with a tapered laser am- 
plifier in an external-cavity 
configuration 



is 1.7. The FWHM of 0.33° indicates that the output beam would become 

1.3 times diffraction-limited by capturing the side lobes with a slit. 

7.4 Tapered Diode-Laser Arrays 

Depending on heat-sinking and facet preparation the available and reliable 
output power of a single tapered laser oscillator is restricted to a few watts. 
Therefore, it is straightforward to fabricate monolithically integrated diode- 
laser arrays in order to achieve higher output powers and higher optical power 
densities. A diode-laser bar with tapered laser oscillators instead of broad- 
area devices comprises 25 single emitters with 200 pm-wide apertures and a 
pitch of 400 pm from laser to laser. 

Figure 21 shows the L-I characteristic of a tapered diode-laser array to- 
gether with its wall-plug efficiency [22]. The device has a slope efficiency of 
0.77 W/ A and a threshold-current of 16.3 A, a threshold current density of 
320 A/cm^, and a differential resistance of 2.6 mW. The array delivers more 
than 25 W of optical power under CW operation and a driving current of 
50 A which is limited by the current source. The output power is distributed 
fairly uniformly among the 25 emitters with an average of 1.04 W and a stan- 
dard deviation of 0.12 W per emitter. No roll-over occurs and the wall-plug 
efficiency does not reach its maximum in the observed current range; 35% is 
achieved at the highest output power. All measurements are performed at a 
heat-sink temperature of 20° C. 

The beam-quality factor of the tapered oscillators was measured with 
a commercial beam-analysing system. Figure 22 shows the distribution of 
the values along the 25 oscillators of the array. At a total power level of 
low, all oscillators show near-diffraction-limited values. An average of 
= 2.2 with a standard deviation of 0.21 is achieved. values are very 
similar at 25 W output power with an average value of 2.6. The decrease is 
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Number of emitter 



Fig. 21. L-I characteristic 
and wall-plug efficiency of a 
tapered-laser array compris- 
ing 25 individual emitters 



Fig. 22. Dependence of the beam-quality parameter on the number of oscillators 
and the output power of a tapered-laser array 



mainly caused by emitter #17 which shows a significant decrease in the beam 
quality. This decrease probably indicates thermal problems. 

An additional experiment was performed in order to underline the high 
uniformity of the beam quality. In this experiment the output power of each 
single emitter was collimated in the slow-axis dimension to a diameter of ap- 
proximately 6 mm by a spherical lens with / = 12.5 mm. After the collimation 
the beams were focussed by a second lens with / = 75 mm, corresponding 
to a numerical aperture NA = 0.04 of the experimental setup. The focus 
diameter of each emitter was measured using a 5 pm- wide moving slit. The 
power-dependence of the focus-diameters is depicted in Fig. 23. Similar to the 
measurements, the array shows a very uniform distribution at the 10 W 
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Fig. 23. Dependence of the spot-size diameter on the number of oscillators and the 
output power of the array. The NA of the experimental setup Is 0.04 



power level with focus diameters around 40 pm. At the 25 W power level, the 
diameters still remain below 45 pm, with the exception of emitter #17. 

Compared to broad-area emitters, the beam quality of tapered emitters 
is improved by more than an order of magnitude. Consequently, the power 
density one can achieve from a tapered diode-laser array is higher by an order 
of magnitude compared to conventional broad-area arrays. 

This power, emitted by 25 individual laser sources, can be superimposed 
by the well-known techniques for broad-area diode-laser bars. The first and 
inevitable step that has to be done for the beam focusing of a tapered laser 
bar is the collimation of each tapered laser which is described in principle 
in Sect. 7.1. Due to the short distance between the tapered oscillators of a 
laser bar and the strong astigmatism between the slow and the fast axis of a 
tapered oscillator, the beam collimation has to be performed by an array of 
microlenses. In this array each microlens consists of a pair of cross-coupled 
cylindrical lenses that collimate the slow and the fast axis of a single tapered 
laser. Figure 24 gives a schematic of a tapered diode-laser bar together with 
an array of beam-collimating microlenses. For each emitter a pair of crossed 
microlenses is necessary for the collimation of the astigmatic emission. 

8 Manufacturability 

From the manufacturability point of view tapered diode lasers compare well 
with simple broad-area diode lasers. The lateral structuring of tapered devices 
does not involve more steps than the fabrication of broad area-diode lasers. 
The coating and cleaving processes are very similar to those of broad-area 
devices with the exception of the high-quality antireflection coating of the 
broad output facet. 
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Fig. 24. Schematic of a tapered diode-laser bar with a microlens array for beam 
collimation 



Because of their low-cost manufacturability, tapered devices have many 
advantages compared to other high-brightness diode lasers like monolithic 
master-oscillator power-amplifiers, a-DFB lasers or ARROW lasers. For all 
of these counterparts an epitaxial re-growth step or the fabrication of a holo- 
graphically defined reflection grating is necessary. These additional processing 
steps are costly and tend to lower the manufacturing yield. 

9 Conclusion 

In summary, it has been shown theoretically and experimentally that the 
beam quality of tapered high-power diode-laser oscillators and laser amplifiers 
can be improved by an order of magnitude using epitaxial layer structures 
with low modal gain. In these structures, the reduced differential gain leads to 
a strong suppression of spatial hole-burning, self-focusing and filamentation. 

Tapered diode lasers fabricated from LMG layer structures show output 
powers of more than 3 W CW. Near-diffraction- limited far-held prohles could 
be observed up to power levels of 2 W. The beam-quality parameter of these 
devices remains well below = 3 whereas the beam quality of similar 
devices with high modal gain epitaxial layer structures severely degenerates 
at moderate output powers. With a LMG tapered oscillator, 1.5 W of optical 
power can be coupled into a 50 pm-core diameter hber with more than 50% 
coupling efficiency. These experimental results have been achieved without 
the requirement of an optical isolator between the high-power devices and 
the diagnostic optics. This indicates that the beam quality of LMD devices 
is inherently insensitive to optical feedback. 

Tapered laser amplihers, fabricated from LMG layer structures, show out- 
put powers in excess of 2 W under GW operation. Their far-held prohles re- 
main single-lobed with a near-diffraction-limited beam-quality parameter of 

= 1.6. The FWHM of the corrected far-held angles is 0.26°. At an input 
power of 32 mW from an external Fabry-Perot laser as the master oscilla- 
tor, the devices have a large-signal gain of 18 dB. The emission spectrum 
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of the amplifier is an almost-perfect replica of the master oscillator’s opti- 
cal spectrum with a signal-to-noise ratio of more than 40 dB. In contrast to 
these results, the beam quality of devices with conventional high modal gain 
structures severely suffer from beam filamentation and their beam-quality 
parameter is reduced by an order of magnitude. 

Tunable high-brightness diode-laser systems have been studied that con- 
sist of a tapered laser amplifier with an external cavity provided by a diffrac- 
tion grating at the narrow facet. Tuning of the emission wavelength can be 
achieved by tilting the grating. An output power of more than 1 W CW can 
be provided by these systems over a tuning range of 50 nm. With the peak 
gain of the quantum well centered at 1055 nm the longest emission wave- 
length that could be observed with 1 W of output power is 1085 nm. The 
optical spectrum shows a very narrow linewidth that is estimated to have a 
FWHM well below the measured 0.1 nm which is the resolution limit of the 
diagnostic system. Over the whole tuning range the beam-quality parameter 
remains below a value of = 2. 

A new type of high-power, high-brightness diode-laser array has been de- 
veloped. This array comprises tapered oscillators instead of the commonly 
used broad-area laser oscillators. A single array comprising 25 tapered emit- 
ters delivers more than 25 W of output power. A slope efficiency of 0.77 W/ A 
and a conversion efficiency of 35% at the highest output power are observed. 
At this power level an averaged beam-quality factor of = 2.6 is achieved 
for each single emitter. Compared to broad-area emitters, the beam quality is 
higher by more than an order of magnitude. Consequently, the power density 
one can achieve from a tapered diode-laser array is higher by an order of 
magnitude compared to conventional broad-area arrays. 

Due to their low-cost manufacturability and superior brightness at high 
power levels, tapered-laser arrays are the most promising candidates for the 
direct application of diode lasers in materials processing. 
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List of Symbols 

D Diameter 

/ Focal length 

g Optical gain 

5ni Modal optical gain 

k Vacuum wavenumber 

Beam-quality parameter 
n Complex refractive index 

n Carrier density 

R Optical reflectivity 

Tq Characteristic temperature 

a Linewidth-enhancement factor 
Oi Internal optical losses 

r Optical confinement factor 

7] External optical efficiency 

hi Internal quantum efficiency 

j Far-fleld angle 
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Abstract. An overview of cooling and packaging of high-power diode lasers is 
given. The discussion concentrates on diode lasers in bar geometry, typically 10 mm- 
wide, which are soldered on actively cooled micro-channel heat sinks, made from 
copper. 



Cooling and packaging of diode-laser chips are among the most essential 
processes in the production of high-power diode lasers. The discussion in this 
chapter concentrates on high-power diode lasers with a diode-laser chip in a 
bar geometry, mounted on an active cooler. This is a combination which at 
present is frequently used at high power. 

The basic setup of these devices is shown in Fig. 1. The diode-laser bar 
with a typical footprint of 10 mm x 1 mm is soldered on a mechanical mount, 
which serves simultaneously as a stable carrier, as an electrode and as a heat 
sink. In order to keep the heat-diffusion paths short, high-power diode-laser 
bars are usually soldered ‘upside down’, which means that the epitaxially 
processed side of the bar with the p-n junction is put directly on the heat- 
sink surface. 

Efficient heat-sinking is essential to keep the temperature of the active 
zone of the diode-laser bar low, which is an important requisite for long life- 
time, low threshold currents and low thermal shift of the emission wavelength. 




Fig. 1. Schematic setup of a high-power diode laser (not to scale): the diode-laser 
bar is mounted on a heat sink, serving as the positive electrode, and supplied with 
a top electrode as the negative contact 
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The efficiency of diode lasers is very high compared to classical lasers - typ- 
ical values range up to approximately 50% - thus creating only a relatively 
small amount of waste heat. However what makes heat-sinking so demanding 
is that the excess power is released as heat over a very small area. At, say, 
40 W laser power and an efficiency rj of 45%, a heat- flow density of roughly 
1 kW /as? has to be managed for a diode-laser bar of 10 mm^ footprint. Low 
temperatures at these high heat-flow densities require high-performance heat 
sinks. 

The relations in (1) below describe a simplified one-dimensional case, 
where the waste heat created in the p-n junction of the diode-laser bar is 
transported solely in the x (cf. Fig. 1) direction by heat conduction, and the 
thermal properties of the heat sink can simply be described by a constant 
thermal resistance i?th- 
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Figure 2 illustrates this heat resistance for typical cases. Passive heat 
sinks, e.g. simple copper blocks attached to a water-cooled plate, are charac- 
terized by considerably high thermal resistance; in Fig. 2 a typical figure of 
IK/W for a diode-laser footprint of 10 mm^ is given. This resistance gives 
rise to junction temperatures of already 70° C at output powers of 25 W and 
coolant at room temperature. In contrast, active coolers, as discussed in the 
following, create a tight contact between the active coolant (usually water) 
and the diode-laser bar. As shown in the diagram and discussed in the follow- 
ing sections, thermal resistances and junction temperatures can be reduced 
by a factor of 4, thus significantly extending the range of the available laser 
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Laser power (W) 



Fig. 2. Illustration of the one-dimensional heat resistance Rth of a heat sink. In the 
diagram the temperature increase A T of the p-n junction of the diode-laser bar 
due to the dissipated heat is given as a function of the output power of the diode 
laser Pl, for typical values i?th of passive heat sinks (high numbers) and active heat 
sinks (low numbers) 

power. In the following sections 1 and 2, principles and techniques of ad- 
vantageous active coolers are discussed, which are presently very common: 
namely copper micro-channel heat sinks. 

Apart from providing low thermal-resistance coolers, the technique of how 
to solder the diode-laser bar on the heat sink is a prerequisite to produce pow- 
erful and reliable components. In contrast to conventional opto-electronic 
chips, which usually have small footprints, diode-laser bars are strongly ex- 
tended in the bar direction, putting some extra demands on the packaging 
process, such as compensation of the mismatch between the thermal expan- 
sion coefficients between the chip (GaAs) and the cooler material. Objectives 
of this packaging process are: 

• to provide a long-term and thermally stable connection between the chip 
and the heat sink, 

• to ensure a precise alignment between chip and heat sink, 

• high yields, reproducibility and process stability. 

Section 3 discusses aspects of soldering techniques and equipment to per- 
form such packaging processes. 

1 Basic Properties of Micro-Channel Coolers 
for High-Power Diode Lasers 

In micro-channel coolers the active coolant (usually water) is fed through 
small water channels only some 100 pm below the heat-sink surface, thus cre- 
ating short heat diffusion lengths and a large inner surface for heat transfer. 
This cooling technique has first been demonstrated for heat sinking of high- 
power diode lasers and silicon as cooler material [1]. The following discussion 
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concentrates on copper as cooler material, however, because copper yields 
high thermal and electrical conductivity, both being advantageous for the 
present application. 

In order to obtain some insight into the basic mechanisms and properties 
of such coolers, a simplified one-dimensional analytical model is used as ex- 
plained in Fig. 3. In this model the heat solely flows in the x direction; no 
lateral heat spreading is considered. In this case the total heat resistance can 
be described as the sum of three series resistances as indicated in the equa- 
tions in (2) (the symbols refer to Fig. 3). The waste heat of the diode-laser 
bar (Ph), which is released at the top surface of the cooler, goes via three 
stages: 



• the conductive term Pcond describes the conduction of the heat through 
the material of the top layers to the cooling fins (p: thermal conductivity 
of the material), 

• the convective term Pconv describes the heat transition from the solid ma- 
terial of the fins to the liquid coolant, 

• the capacitive term Pcap describes the temperature increase of the coolant 
while traversing the cooler (m: mass flow rate of the coolant, c: heat ca- 
pacity of the coolant). 
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Fig. 3. Schematic view of the top layer and the micro-channel layer of a micro- 
channel heat sink: the waste heat, being released by the diode-laser bar, flows by 
heat conduction through the top layer and is transferred to the liquid coolant via 
the micro-channel fins in the micro-channel layer 
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The three constituents Pcond, ^conv and Pcap, contributing to the total 
heat resistance, are discussed in more detail in (3) with regard to their de- 
pendence on the widths of the micro-channels (channel width = fin width = d, 
N: number of channels). 
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The conductive part of the total thermal resistance (Rcond) corresponds 
to (1), disregarding a shape factor tpi, which describes the effective thick- 
ness of the heat-conducting compound, consisting of the top layer and the 
micro-channel layer of the cooler. The equation shows that under the ap- 
proximations chosen here, the conductive resistance is not dependent on the 
channel width. 

The approximation for the convective part (Rconv) also includes a shape 
factor ifi 2 , which reflects the geometry of the fins, at the surface of which the 
heat is transported into the liquid coolant. The smaller the channel width 
(factor 1/d in the denominator), the higher the total inner surface of the 
total fin structure and the higher the heat transfer. The second factor in 
the denominator, a, the heat-transfer coefficient, goes with d~^ or d^/^, de- 
pending on whether the flow is laminar or turbulent [2]. Taking the factors 
together results in a convective resistance, increasing with a more or less large 
power of the channel width d. 

The capacitive heat resistance is inversely proportional to the heat capac- 
ity of the liquid coolant (c) and to the total mass flow through the cooler. 
This total mass flow is split into N individual flow channels, all being driven 
by the pressure drop Ap. Introducing the relations for N and mc(Ap) for 
laminar or turbulent flow, respectively [2], results in a relation for Reap, which 
is roughly proportional to the inverse square of the channel width. 

The three contributions to the total heat resistance have been put to- 
gether in Fig. 4 for typical values of the discussed parameters. At small chan- 
nel widths the capacitive heat resistance dominates due to the low amount 
of coolant being transported through the cooler at the given pressure drop; 
at large channel widths the convective heat resistance strongly increases, be- 
cause the inner surface available for the heat transfer to the liquid is reduced. 
An optimum value for the channel width with a minimum heat resistance is 
achieved at a channel width of approximately 50 pm in the specific case being 
studied. 
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Channel width d (^m) 

Fig. 4. Contribution of the three constituents -Rcond, Ream and i?cap to the total 
heat resistance Rtot , as a function of the width of the micro-channels 



For the design of channel geometry and other parameters of real devices 
a more detailed numerical analysis is necessary and practical and production 
considerations have to be taken into account. Although small channel widths 
in the sub- 100 pm range may be advantageous from the point of view of low 
heat resistance, such channels are hard or expensive to manufacture or may 
reduce reliability due to potential channel blocking by particles. These are 
reasons why channel widths in practical devices are more in the range of some 
100 pm than below 100 pm. 

It is exemplified with the numerical simulation illustrated in Fig. 5 that 
the heat in real devices is of course not solely flowing one-dimensionally in 
the X direction. The heat which is assumed to be uniformly produced at the 
bottom of the diode-laser bar is spread in the —z direction in the top layer 
of the cooler. Efficient heat spreading, as it occurs in Cu due to the high 
thermal conductivity of this material, helps to reduce the heat-flow density, 
thus reducing the thermal resistance. In the design of the top-layer thickness 
a tradeoff has to be found because increasing the top-layer thickness increases 
the heat-spreading effect but increases the conductive resistance of the top 
layer as well. The optimum strongly depends on the material being used. 

If a constant thermal resistance Rth as introduced above is applied for the 
characterization and comparison of coolers, it has to be taken into account 
that this is only a more or less accurate approximation for real cases. In the 
general three-dimensional case of heat conduction, (4) below can be given 
for the heat resistance i?th spatial and temporal distribution of the 

averaged dissipated heat Tn.Avg, G{x,t): Green’s function, Bd: boundary of 
the heat source]. Similar to the simple one-dimensional case in (I) this heat 
resistance is a quotient of the temperature T and the dissipated power Pjj, 
but the temperature at the bottom of the diode-laser bar is now varying more 
or less strongly as can be seen in Fig. 5. The heat resistance is therefore not a 
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Fig. 5. Two-dimensional numerical simulation of the heat flow in a typical micro- 
channel cooler. The gray scales in the cooler cross section qualitatively indicate the 
local temperature 



constant any more, it is a function of z (in the two-dimensional case) and of 
y (in the three-dimensional case). In many practical cases, however, for the 
sake of simplicity, averaged values are taken and given in data sheets. 

Rth{x,y,z) = = f f f(x,t)G{x - x',t -t)dx'dt 

rqi.Avg Jt=0JBd 

x = {x,y,z}. (4) 

2 Manufacturing and Flow Dynamics 
of Cu Micro-Channel Coolers 

The manufacturing of Cu micro-channel coolers is presently in most cases 
based on a 2-D layer technique, where thin copper sheets are structured and 
put on top of each other, forming an inner geometry with the micro-channels 
and manifolds (Fig. 6). The total production process consists of a sequence 
of different steps, the most important of which are: 

• laser cutting or etching of the copper sheets, 

• high-temperature bonding of the sheets, 

• conventional milling of the cooler surfaces, 

• ultra-precision milling of the surfaces and edges, where the bar will be 
mounted. 

In an industrial environment, the coolers are produced in batches of 5 — 20 
and the individual elements have to be separated before the milling process. 

All machining processes, especially the final ultra-precision milling, have 
to be performed very precisely and with machining parameters adapted to the 
sensitivity and necessary accuracy of the components. In many applications, 
e.g. in diode-laser systems for direct applications, the diode-laser bar has 
to be mounted extremely flat on the cooler with maximal deviations in the 
micron or even sub-micron range. This can only be ensured if the surface 
of the cooler has been precisely machined and if the component is handled 
carefully during the whole production process. 
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Quality demands are high not only to the mounting surface but to the 
front edge of the cooler as well, which has to be well defined along the width 
with i^m-accuracy in order to provide an appropriate reference line for the 
micro-positioning of the bar during the soldering process (cf. Sect. 3). 

The discussion in the foregoing section elucidates that high throughput of 
the liquid coolant through the micro-channel cooler at the given input pres- 
sure is essential for low thermal resistance. If the fluid-dynamical properties 
of a micro-channel cooler with an inner geometry as exemplified in Fig. 6 are 
analysed, it turns out that the biggest pressure losses are not friction losses 
arising in the micro-channels, but are losses produced by hard-edged changes 
in the flow direction within a layer or between different layers, or are caused 
by large and discontinuous changes of flow cross section (Fig. 7). 



Table 1. Improvements in flow resistance and thermal resistance of micro-channel 
coolers by proper design of the flow system and the height of the channels [3] 





Pressure loss 


Thermal resistance 




(at 500ml/min) (bar) 


(at 4 bar) (K/W) 


Original structure 
Flow-optimized structure. 


4.5 


0.4 


300 pm channel height 
Flow-optimized structure. 


1.5 


0.32 


600 pm channel height 


0.5 


0.29 



In flow-optimized coolers, changes in the flow cross section are kept small, 
and all changes in cross section and flow direction have to be designed to be 
continuous and smooth (lower Fig. 7). A special advantage of the copper- 
layer setup is that this technology can be easily and flexibly adapted to these 




Fig. 6. Micro-channel coolers, made from Cu sheets: Layer technique {left), micro- 
channel layer {middle, with a matchstick to show the proportions), final element 
{right). The width of the cooler is approximately 11mm 
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Fig. 7a, b. Pressure losses in a non-flow-optimized (‘standard’) micro-channel 
cooler: most of the pressure is lost at hard-edged changes in the flow direction 
or in discontinuous transitions of the cross section [4] 



requirements. The following table shows the results of such optimizations for 
some selected designs: in the best case the pressure loss could be reduced 
by a factor of approximately 8. As illustrated in Table 1, this achievement 
can be invested in a twofold way: either profit is taken from the lower heat 
resistance at high input pressures and high water throughput or the cooler is 
operated at moderate water throughput with the advantage that simple and 
low-cost water pumps can be utilized. 



3 Packaging of Diode-Laser Bars 

In Fig. 8 the principal setup of a completed diode laser is shown as well as 
a picture of a typical component. The diode-laser bar is soldered on the Cu 
cooler, which usually acts as the p-electrode. With a second soldering process, 
the top (n)-electrode, which is insulated against the cooler with an isolating 
foil, is fixed to the bar. As already mentioned in the forgoing section, the 
emitting front of the bar has to be aligned precisely with respect to the front 
side of the cooler. The required protrusion of the bar with respect to the front 
edge of the cooler amounts to some |xm: if the protrusion is too low or if the 
bar even stands back behind the cooler front side, solder may be squeezed out 
in front of the facets, resulting in damage of this most sensitive part of the 
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Fig. 8. Structure of a packaged diode-laser bar: schematics (left) and technical 
example (right) 



bar. If, on the other hand, the protrusion is too high, cooling of the highly 
loaded laser facets is low thus increasing possible facet damage and reducing 
lifetime. 

The different packaging steps succeeding cooler production are summa- 
rized in the following list and will be detailed hereunder: 

• galvanizing the Cu coolers: here diffusion barriers (for instance Ni) as well 
as appropriate solder interfaces (for instance An) are deposited on the 
cooler, 

• solder deposition is usually performed by physical vapor deposition of the 
solder material (for instance In), 

• the bar and top-electrode soldering process is carried out by precise, opti- 
cally controlled setups, ensuring the high positional accuracy required, 

• after the soldering processes the component is electrically and optically 
characterized and undergoes a burn-in procedure. 

In contrast to packaging of single-emitter chips, which have an extension 
of only some 100 pm, packaging of 10 mm extended bars requires more con- 
sideration of the differences in thermal expansion of chip and cooler material. 
When a GaAs chip with a thermal expansion coefficient of 6.5 x 10“® 1/K is 
soldered on a copper mount with, approximately, 16 x 10“® 1/K, a consider- 
able amount of mechanical stress may be introduced into the semiconductor 
material due to the soldering process and other thermal cycles. In order to 
compensate for this. In as a comparatively soft material is a common solder 
material. 

In Fig. 9 it is illustrated schematically how the diode-laser bar is gripped 
by a vacuum gripping tool and subsequently aligned with respect to the heat 
sink, which is heated by a heating plate during the soldering process. Usually, 
the alignment process is controlled optically with a microscope setup as shown 
in the photograph. 
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Fig. 9. Soldering of a diode-laser bar on a heat sink: schematic setup of the equip- 
ment (left) and experimental realization {right) 



The last steps in the production process are characterization and burn- 
in. At the time of writing it is not possible to predict precisely the final 
properties of the diode-laser component without further measurements. It is 
therefore required to characterize the diode laser after the packaging pro- 
cess. In this characterization procedure diode-laser properties such as output 
power, current-voltage characteristics and optical parameters (divergence an- 
gle, state of polarization, etc.) are either measured at each laser or statistically 
at some elements of a lot. 

Especially important is the subsequent burn-in procedure, during which 
each laser is individually operated during a period of several hours at specific 
burn-in parameters (current, heat-sink temperature, etc.). During burn-in 
output power and, if required, further parameters are monitored. In Fig. 10 
the mechanical setup of such burn-in equipment is shown in an overview as 
well as details of the snap-in holders, in which the diode lasers are mounted 




Fig. 10. Equipment for the burn-in of high-power diode lasers: overview {left), 
details of the holders {right) 
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Fig. 11. Typical burn-in result for a diode laser with “normal” and with increased 
degradation 



and which supply the components with cooling water and current. The laser 
emission is fed into beam dumps and measured by appropriate photodiodes. 

A typical example of a burn-in sheet, measured with this device, is given 
in Fig. 11 [-5] . The diagram shows on the one hand a diode laser with increased 
degradation, which would be sorted out in the production process. On the 
other hand, a normally operating component as given on the right-hand side 
of the diagram in many cases shows in the first tens of hours a slightly 
increased degradation rate, which decreases in further operation. 



List of Symbols 

A Footprint of the diode-laser bar 

A! Area for heat transfer from liquid to solid 

c Heat capacity 

d Channel width 

h, he Cooler height, channel height 

j Heat-flow density 

L Thickness of the heat sink 

Lc Cavity length of the diode-laser bar 

m Total mass-flow rate 

rric Mass-flow rate of one individual channel 

N Number of channels 

A p Pressure drop 

Pl Laser power 

Ph Waste heat 

Pth Thermal impedance 

T Temperature 

Tj Temperature of the p-n junction 
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Tc 


Coolant temperature 


x,y,z 


Orthogonal room directions 


a 


Heat-transfer coefficient (liquid-solid) 


11 


Laser efficiency 


P 


Thermal conductivity 


Pl.2 


Shape factors 
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Abstract. Diode-laser systems have a good chance to be used as light sources for 
direct applications. For this purpose a large number of relatively weak light bundles 
originating from individual oscillators have to be coupled to a single powerful beam. 
The coupling may be done in a completely incoherent way in cases where only 
a moderate beam quality is appropriate or with increasing degrees of coherence 
corresponding to applications where high demands on the quality are necessary. In 
this article all current methods of incoherent as well as of coherent beam combining 
are described and judged with respect to their present and future potential. 



1 Introduction 

Hans Opower 

The outstanding feature of semiconductor lasers is their exceedingly high 
efficiency, which surpasses the most prominent types of lasers by nearly an 
order of magnitude. The spectrum of optical wavelengths attainable under 
advantageous conditions reaches from the visible red regime to the near in- 
frared until about 1 .5 pm and therefore comprises the spectral range which 
is commonly available with the most powerful solid-state lasers. But apart 
from this general behavior there are fundamental differences to the conven- 
tional solid-state lasers. These differences refer to the design of individual 
elements as well as to the way by which powerful systems may be arranged: 
diode lasers function like forward biased p-n diodes, with ultrathin active 
layers between the p and n material. In the case of so-called edge emitters 
the optical resonator extends along the active area, whereas Vertical Cavity 
Surface-Emitting Lasers (VCSEL) are operated with the beam direction per- 
pendicular to the area of the active layers, whose extremely small thickness 
determines the optical gain length [1]. Presently, the edge-emitter concept 
is commonly adopted for power applications despite the difficulties of beam 
shaping. Due to the relatively high gain there exists a practical limitation of 
the size of the active zone belonging to one individual laser resonator. This 
fact leads to the important consequence that really high optical powers can 
only be attained by adding the beams of a lot of individual oscillators, each 
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Fig. 1. Schematic structure of an edge emitter (a) and of a vertical cavity surface 
emitter (b) 



of them delivering some tenths of a watt depending on the specific mode 
structure. This situation remains essentially unchanged, while VCSELs will 
possibly play a large role in future. Figure 1 shows the principal design of a 
single edge emitter (Fig. la) and of a vertical cavity structure (Fig. lb). 

It is evident that the addition of many sources may cause serious problems 
which increase with the degree of beam quality being required. Not least for 
this reason powerful diode-laser systems have been primarily considered as 
pumping sources for solid-state lasers because in this case the spectral width 
is uncritical and a moderate degree of spatial coherence is already sufficient. 
With these relatively simple requirements a remarkable improvement of the 
emission characteristics of solid-state lasers will be obtained compared to the 
situation with the present gas-discharge pump lamps. 

Nevertheless there are good arguments to draw attention to applications 
where the diode lasers act immediately as the exclusive sources of light to 
perform the processing tasks. The advantage is that by doing this the overall 
efficiency will be enhanced by nearly a factor of two as the excitation losses 
of the second laser, namely the solid-state laser, can be avoided. 

In order to get an impression of applications being most favorable for the 
employment of diode-laser systems, it is advisable to classify the different 
kinds of processing according to the specifications the light beams have to 
meet. Looking at different applications in the field of materials processing in 
agreement with the present state of the art, a subdivision into three classes 
may be found to be adequate: 

• Processes which need only a moderate power density (about 
10^ W/cm^) within a relatively large focal area, for instance surface hard- 
ening or soldering, 

• Processes requiring high power densities (about 10®W/cm^) not within 
extremely small focal areas; examples are welding and surface alloying of 
metals. 
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• Precise cutting and drilling under the condition of the highest possible 
beam quality (power densities on the order of 10^ W/cm^). 

Not explicitly mentioned because they are not yet frequently in use are ap- 
plications employing patterns of many distinct and independently controlled 
light spots [2]. 

It is self-evident that - besides the distinct patterns - the first kind of 
processes offers the best opportunity for diode-laser arrays, with or without 
a fiber-coupling arrangement. Even with an incomplete filling of the space 
between individual diode elements within an array or between the arrays 
in a stack, power densities on the order of a few tens of kilowatts per cm^ 
are obtainable. These completely incoherent devices may be improved by 
spatial rotations of the beams in order to get a better overall symmetry of 
the whole system and by bringing the fill factor close to one. With such 
measures power densities of at least lO^W/cm^ should be attainable [3,4]. 
As long as we persist in working with essentially incoherent sources there 
remains only one further way of increasing the brightness, namely to combine 
beams of different wavelengths and/or different polarizations. This so-called 
wavelength- or polarization-multiplexing principally enables an improvement 
by nearly a factor of ten depending on the effort being applied. 

With these measures the applications summarized under the second point 
are quite achievable. But it is clear that the above-mentioned power densities 
are not a reliable indication of an already good beam quality as they are 
dependent on the numerical apertures of the focusing systems. As a correct 
measure of the real beam quality we may take the values (diffraction 
parameter) or, sometimes more convenient, the wavelength-independent val- 
ues of the aperture-divergence product. With respect to these generally valid 
criteria the incoherently coupled diode lasers do not quite reach the per- 
formance of conventional solid-state lasers. The development of diode-laser 
systems with really satisfactory optical-beam quality requires a higher degree 
of coherence. The specific meaning of this term in the context with beam- 
combining will be explained in more detail below. 

Qualitatively speaking the lowest degree of coherence is characterized by 
the fact that each individual diode oscillates with the spatial fundamental 
mode but with an arbitrary longitudinal-mode composition. In this case the 
optimum beam quality of a light bundle linearly decreases with the num- 
ber of individual beams lying parallel along one direction, which means the 
value increases proportionally to the square root of the total number of 
beams, when the whole arrangement shows a rotational symmetry [5,6]. With 
respect to a fixed amount of the total light power the resulting quality of the 
bundle now strongly depends on the power of each individual beam as this 
contribution determines the number of beams necessary. If each light beam is 
generated by just a single oscillator its power will be limited to a few tenths of 
a watt; if a costly oscillator-amplifier system acts as light generator a power 
of some watts may be obtained [7] . In the latter case a one-kilowatt laser could 
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be operated with an factor between 10 and 20, which represents quite a 
good performance compared to conventional solid-state lasers. A possibility 
of even better figures may be obtained with the help of the afore mentioned 
wavelength- or polarization-multiplexing in such cases where a well-defined 
wavelength or state of polarization are unimportant. 

The problem is that oscillator-amplifier systems in the form of integrated 
devices are extremely sensitive against internal backscattering and therefore 
very complicated. So one has to look for more appropriate solutions being 
characterized by phase-controlled beam-combining methods. Such tasks re- 
quire a higher degree of coherence, because all lasers to be coupled have not 
only to oscillate in the lateral fundamental mode but also in a longitudinal 
single mode as this is one prerequisite for an exact frequency adjustment. 
If all individual lasers contributing to a light bundle can be coupled in a 
completely coherent way the resulting factor will remain close to one 
independent of the total power and the number of elements [2] . 

Key questions are whether there exists a unique physical possibility of 
coherently coupling a large number of individual elements and what enabling 
means are at hand to achieve this. Here one has to keep in mind that not 
only the frequencies have to be locked but, in addition, the phases must 
be adjusted. The frequency-locking can be brought about with exclusively 
optical methods. Two ways have been experimentally investigated: 

• all individual diode lasers are allowed to oscillate under equal conditions 
but their beams are guided in such a way that neighboring elements can 
mutually interact via evanescent or leaky waves and so the whole system 
gets a chance of self-organization [8]; 

• one diode laser is selected to serve as a master oscillator whereas all oth- 
ers, being carefully kept isolated from each other, are controlled by the 
radiation of this master laser [2,9]. 

It may easily be understood that the first method based upon the hope 
of self-organization proves to be successful for a few oscillators but will soon 
lead to insurmountable difficulties when the number of individual elements 
grows, as in this case instabilities unavoidably arise and finally bring the 
whole system into chaotic oscillations. 

The situation presents itself far more favorably when the concept of a 
master oscillator is applied. The slave lasers to be controlled run as inde- 
pendent oscillators with complete resonator configurations. Each of them is 
seeded by a small part of the master radiation. 

The seeding concept may be seen as an extension of the simple amplifi- 
cation scheme with many separated parallel-lying amplifiers. These amplifier 
arrangements guarantee in general an optimal degree of coherent coupling 
but they suffer from the limited amplification along a single path. The step 
to a multipass operation finally leads to the master-slave principle. Such de- 
vices need a more careful adjustment between the individual elements but 
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they have the advantage of an effective multiplication of the original radi- 
ation. In any case additional means for the final adjustment of the phases 
must be provided. For this purpose phase-correcting optical elements either 
fixed once and for all or controlled by electronic circuits are unavoidable. 

Besides the exclusive optical methods of frequency locking by amplifica- 
tion or seeding, a possible combination of optical metrology and electronic 
processing should at least be generally mentioned. It works similarly to the 
master-slave principle by detecting the interference pattern of a reference 
master beam with each of the slave beams and by controlling the beam fre- 
quency and phase of all individual elements via electronic circuits according 
to the detected interference signals. Despite the undeniable elegance of such 
an electronic way of frequency locking and phase control it seems presently 
to be too costly for laser systems of technical importance. 

The technical design of coupling schemes will be influenced by the spe- 
cific semiconductor structures of the individual elements. Edge emitters can 
be equipped with amplifiers or arranged as seeded oscillators with the aid 
of waveguide systems, the fabrication of which is well known including the 
switches and phase-shifting elements. In the case of VCSELs, one is con- 
fronted with a somewhat different situation: the amplifier scheme is hardly 
useful due to the low amplification per path, whereas seeding arrangements 
seem to be quite feasible but they have to be designed as three-dimensional 
devices. 

A general perspective concerning all concepts irrespective of the specific 
peculiarities must thoroughly be considered. The realization of coherent cou- 
pling has been proven to be principally feasible. The question remains: are 
the solutions scalable to an arbitrarily large number of elements? An example 
will illustrate the problem. 

Master oscillators of any kind may be correctly assumed to emit radia- 
tion, the power of which lies in the range of ten to a hundred mW. In this 
case the total power of the corresponding slave system does not surmount 
the order of a few watts. Really high-power lasers therefore need cascade net- 
works with each slave of the predecessor stage acting as master for a slave 
system of the successive stage. Arrangements of this kind are - by neglect- 
ing the more-efficient seeding technique - similar to conventional many-stage 
amplifier systems with gradually increasing diameters of the active elements. 
The essential difference is that in the case of semiconductors the increasing 
diameter must be thought of as being replaced with an increase of the num- 
ber of active elements which are geometrically separated from each other but 
operated as optically parallel elements, meaning that in this case the indi- 
vidual beam propagations are characterized by a multiple beam splitting and 
combining. Figure 2 illustrates the principal similarities and differences of 
conventional amplifier systems and comparable diode-laser arrangements. 

In this context one point should be emphasized: the final combination 
of a large number of parallel beams necessary for highly qualitative systems 
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N, Subsystems 2 
(N 2 lasers each) 



Fig. 2. Comparison between the principal design of conventional ‘monolithic’ am- 
plifier systems (a) and diode-laser arrangements with distributed sources (b) 



demands a sophisticated adjustment of the phases and powers within each 
individual beam of the last amplification stage, because otherwise even a 
coherent addition of a bundle of beams to be focused leads to multiple side 
maxima of the light-power density in the focal plane [9] . 

Having the physical features of diode-laser systems in mind, especially 
the disseminated sources, it seems to be worthwhile to make a technical com- 
parison with the ‘monolithic’ solid-state lasers. In particular, the size and 
the complexity of systems as a function of the beam quality are of inter- 
est. As a rule of thumb, in all cases we choose a low Fresnel number as the 
necessary condition to obtain fundamental-mode radiation. Under this as- 
sumption the relevant parts of an individual semiconductor device delivering 
a light power of about 100 mW take a volume - without periphery ~ on the 
order of 10“®cm^, whereas a solid-state oscillator of a similar capacity typ- 
ically occupies about 1 cm^ . This means that by comparison of the active 
parts the solid-state oscillators need nearly a million times larger volumes 
than diode lasers of the same integral output power. When, in addition, the 
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high efficiency of the latter is taken into account there seems, at first glance, 
to be an overwhelming superiority of the diode lasers. On the other hand, the 
disadvantages and difficulties of diode-laser systems may not be disregarded: 
the necessity to deal with a huge number of individual elements causes a 
remarkable effort and may lead to a considerable increase of the volume of 
the system as well as to growing expense. The problems can only be mas- 
tered with an accessible route to fabricate the systems as integrated devices, 
which means with the methods of process techniques instead of an assem- 
bling technique being mainly applied to conventional lasers whose design 
resembles that of machines. Process techniques are well established in the 
field of microelectronics but not yet for optical devices in general. Neverthe- 
less, the worldwide efforts and the current progress of microoptics fabrication 
techniques will surely offer the prerequisites for an economic production of 
efficient and powerful diode-laser systems with gradually increasing beam 
quality for direct applications. 

2 Incoherent Beam Combining 

Peter Loosen 

Incoherent beam combination of individual diode lasers is presently widely 
used in laser systems for materials processing, medical applications and for 
the pumping of solid-state lasers. It is a straightforward way to achieve rel- 
atively high output powers at high system efficiency, although the potential 
to achieve high beam quality is limited (Sect. 2.2). 

Schematic pictures of present technical setups are given in Fig. 3. At 
low output power in the range up to approximately 100 W, where only a 
couple of diode lasers is needed, the techniques of direct coupling into a fiber 
bundle or the utilization of a beam-transformation system (Sect. 2.3) are 
common. At higher output power up to several kilowatts another setup is 
used: the individual diode-lasers are stacked on top of each other or arranged 
in parallel. 




Fig. 3. Schematics of different technical setups for incoherent beam combination: 
stacking {left), fiber coupling of a transformed beam {upper right) and direct cou- 
pling into a hber bundle {lower right) 
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1 . spatial multiplexing 2. polarization multiplexing 




Fig. 4. Basic principles of incoherent beam combination 



The basic physical principles used in all systems are illustrated in Fig. 4. 
The most common arrangement utilizes ‘spatial multiplexing’ where the in- 
dividual laser beams are simply set side-by-side in a one- or two-dimensional 
array, thus increasing output power as well as the size of the beam. Two com- 
plementary techniques, which increase output power at constant beam size, 
are also shown: in polarization-multiplexed systems two mutually perpendic- 
ularly polarized beams are coupled via a polarization coupler; in wavelength- 
multiplexed systems several beams with different wavelengths are coupled 
with edge filters so that the combined beams are collinear. The discussion 
in the following sections mainly refers to spatial multiplexing; only where 
explicitly mentioned, polarization and frequency multiplexing is addressed. 

Figure 5 illustrates for the one-dimensional case how N adjacent beams 
are overlapping in the far- field, e.g. in the focal plane of a focusing lens. In the 
fully incoherent case the intensity of the total beam is N times the intensity of 
one individual beam. If the coherence among the beams is increased, the in- 
dividual beams start to interfere with each other, thus producing an intensity 
distribution with a much smaller width having a peak intensity proportional 
to the square of the number of beams N. This is the case of a ‘classical’ 
laser with a well-defined phase relation across the full cross-section, whereas 
laser systems with incoherent beam superposition are in between a classical 
laser and a pure incoherent light source. However, well-designed systems with 
incoherent beam combination are comparatively simple to realize and have 
the perspective of achieving beam properties and output powers which cover 
nearly all commercially relevant applications, as will be discussed in the next 
sections. 
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Fig. 5. Comparison between incoherent and coherent beam combination. In a nu- 
merical simulation several coherent beams with similar intensity distributions are 
superimposed in the focal plane of a lens. The coherence between the beams is 
increased from the top left to the lower right by reducing the statistical phase 
differences A g> among the beams 



2.1 Properties of High-Power Diode Lasers 
for Direct Applications 

High-power diode-laser systems in most cases are based on diode-laser bars 
as shown in Fig. 6. In order to achieve high output powers, a number of 
individual diode-laser structures are arranged in parallel on a diode-laser 
bar, which is typically 10 mm wide. 

The individual diode-laser structures on the bar may consist of an array 
of stripe emitters or are built up as broad-area emitters. In the direction 
perpendicular to the plane of the p-n junction (x dimension in Fig. 6) the 
beam quality in general is close to diffraction-limited, because the beam is 
emitted from a region with only an x extension in the pm range. The cor- 
responding divergence angle is quite large and may achieve figures of up to 
NA 0.8 (approximately 100° full angle). Since the beam diverges quite fast in 
this dimension, the x axis in Fig. 6 is usually called the ‘fast axis’. 

In contrast to the fast axis, the emitting width in the y direction of an 
individual diode-laser structure (Fig. 6) is usually much larger, up to some 
100 pm. The beam quality is much lower compared to the fast axis and typ- 
ically amounts to some times up to some ten times the diffraction limit. 
Typical divergence angles are thus in the range of some degrees: this slowly 
diverging behavior is the reason why this axis is usually called the ‘slow 
direction’. In most present diode-laser bars, adjacent diode-laser structures 
are completely incoherent to each other. A coupling between the individual 
structures is often suppressed by v-grooves as shown in Fig. 6 in order to 
suppress ‘super modes’ and lasing in crosswise directions. 
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Fig. 6. Diode-laser bar as typically used in diode-laser systems 



In all discussions in the current section the coordinate system is labeled 
as given in Fig. 6: the propagation coordinate of the beam is the z direction; 
X and y denote the transverse coordinates. 

In order to achieve the high output powers from diode bars needed in 
diode-laser systems, proper cooling of the components has to be ensured. 
This is done very efficiently by means of micro-channeled heat sinks, which 
are used as diode-laser mounts [10]. Figure 7 illustrates a specific technique 
of this kind, based on micro-structured Cu sheets [1 1] . 

By means of laser cutting, fine channel structures are created, through 
which water as an active coolant is guided, thus creating a large inner sur- 
face and a close inner contact between the heat-conducting solid and the 
coolant. The coarse structures, which can be seen in the picture, serve as 
water manifolds, guiding the water from the inlet openings to the micro- 




Fig. 7. (Left) Micro-channel coolers, built up from thin Cu sheets (typical thickness 
0.3 mm). Fine channel structures down to a width of 100 pm are laser-cut into the 
sheets which are subsequently diffusion-bonded. {Right) Final cooler with the water 
inlets and outlets going through the cooler in order to enable stacking of several 
components 
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channels and back to the outlet openings. Typical water-flow rate is around 
500ml/min per cooler at feeding pressures in the range 1-4 bar. 

On the right-hand side of Fig. 7 a completed diode laser is given, where 
the diode-laser bar has been soldered on the front edge of the cooler and has 
been supplied with a top electrode as n-contact. 

In many diode-laser systems, for instance in stacks as shown in Fig. 3, 
the diode lasers are put on top of each other in order to increase the output 
power to the desired level. The diode lasers are put in parallel with regard 
to the cooling circuit and in series with respect to the electrical supply. The 
water connections have to go through the cooler as shown in Fig. 7. In the 
interface between each two diode lasers in a stack, means for water sealing 
have to be supplied as well as proper electrical contacts in order to conduct 
without undue losses the quite large driving currents, which run typically up 
to around 50 A. 

2.2 Beam Quality of Incoherently Combined Beams 

Beam quality is a measure of how tightly a beam can be focused. The higher 
the beam quality, the smaller the spot size and the higher the laser inten- 
sity. According to the ISO standard [12] this property can be characterized 
by the beam-parameter product (Q), multiplying the waist radius (wq) and 
the far-fleld divergence (0 q) of the beam. In the best case, i.e. without any 
aberrations, this beam-parameter product remains constant, if the beam is 
transformed by passive optical components such as lenses or mirrors [13]. 

Q = wo9q/2 = const. (1) 

For a given Numerical Aperture of the focusing system (NAf) and a rota- 
tionally symmetric beam with a total power of P, the average laser intensity 
in the focal plane (If) is given by: 

^ PNA^ 1 

z\2 ’ 

7T 

= TrNAfP , 

P ( w 
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B denotes the brightness of the beam and is introduced into (2) as an 
abbreviation; the physical meaning will be discussed later in this section. 
Relation (2) is widely used in many applications of conventional lasers with 
a single coherent and circular symmetric beam. 

In contrast to conventional lasers, diode-laser systems with incoherent 
beam combination are built up from one- or two-dimensional arrays of in- 
dividual beams as discussed in section 2. For the calculation of the beam- 
parameter product of such beams it is necessary to determine the far-fleld 
divergence angle (6*tot) as well as the radius of the beam in the waist (rctot) 




314 



Uwe Branch et al. 




Fig. 8. Example for a one-dimensional array of individual, similar emitters, prop- 
agating from the beam waist at the left to the right 



for the total intensity distribution of the emitter array. In Fig. 8 a typical 
geometry is shown for the simplified one-dimensional case, where 2N + 1 
similar intensity distributions Io{x) are equally spaced with a distance of Xq, 
each distribution having a radius of wq ■ 

Both xo and wq are defined according to the ISO standard [12] as first- 
or second-order moments of the intensity distribution respectively (Iq: one- 
dimensional intensity distribution, ax' second-order moment of Iq, Pq: total 
power of Iq): 



Wo = 2ax , 






^ j x'^Io{x)da 



xq = — I xIo{x)dx . 
xo J 



( 3 ) 



The intensity distribution (/tot) and the power (Ptot) of the total beam 
are given by 



N 



hot= ^ Io{x-\-nxo), 

n^-N 

Ptot = {2N +1)J Io{x)dx = {2N + l)Po . 



( 4 ) 



From Fig. 8 it can easily be concluded, that the far-held divergence angle 
of the total beam (0tot) equals that of an individual beam: 

(^tot = &o ■ 



( 5 ) 
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The beam radius of the total beam (wtot) can be calculated according to 
the ISO standard from the second-order moment (ax) of the total intensity 
distribution (/tot (a;)) as: 



w 



2 

tot 



= 4(7 



2 

X 



4 

Ptot 



x^hot (a:)dx . 



( 6 ) 



Insertion of (4) into (6), coordinate transformation (a; = a; -I- nxo) and 
minor rearrangement gives the following relation for the radius of the total 
beam, consisting of M individual beams (M = 2N + 1): 

= 4cTx + - ^)xl 

wtot = 1.14MwoF (for xq ax,M >2), F = ^^^(filling factor) . (7) 

2wq 

As a rule of thumb it can be stated that a beam consisting of M individual 
beams has a radius which is roughly M times larger than the radius of an 
individual beam, if the beams are densely packed (filling factor F « 1). 
The beam-parameter product of the total beam is then M times the beam- 
parameter product of the individual beam: 



Qtot — Wtot0tot/2 = Mwq9q/2 — MQq . 



( 8 ) 



Real beams are always two-dimensional. In many practical devices 
(Fig. 3), arrays as shown in Fig. 9 are used. With (8) the beam quality 
of the total beam can easily be calculated separately for each dimension. 

The brightness of the total beam B[W / cm^/str] is the laser power per 
emitter area and solid angle and for the case of the rectangular symmetry in 
Fig. 9 is given by 



Ptot MNPq Pq 

16 Qa;,tot ^QMQxfiNQy^o lQQx,oQy,o 



(9) 



which is the well-known brightness theorem [14], which states that in the 
best case, i.e. without any aberrations, the brightness of the total beam is 
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Fig. 9. Two-dimensional array of emitters, as used in the devices shown in Fig. 3 
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the same as for each individual beam. Real systems however suffer from sev- 
eral degradation mechanisms, which reduce brightness and are approximately 
summarized in the following factors r]i (jji < 1): 

Btot = f?FAC’7PL??StQ?7FFSo 

with: 

*7fac optical quality of the fast-axis collimation, measured as 

the relation of beam-parameter products (BPPs) 

Qx , 

riFAC = — , where 

Qx '■ BPP behind the micro-optical lens 

Qxfi '■ BPP before the micro-optical lens, 

Vpl power losses at the micro-optical lens; 

VPL = Ptot/iMNPo) . 

VStQ ‘Stacking quality’ 

^X,tot 1 

r]StQ = -7 — , where 

Ox, tot ■ fast-axis divergence of the total beam 

Ox ■ fast-axis divergence of an individual beam, 

?7ff filling-factor quality; 

77ff = FxFy , where 

Fx,y : filling-factors in x and y directions. (10) 

Typical values for the different factors and measures to minimize losses 
in beam quality and laser power will be discussed in the next sections. 

2.3 Technical Devices 

In Fig. 10 a practical setup is shown for a low-power fiber-coupling scheme 
according to Fig. 3 (upper right), utilizing a beam-transformation device. 
Beam transformation is needed in many diode-laser systems, as the beam of 
individual diode lasers and stacked devices is mostly asymmetric in terms of 
size and beam quality and often requires shaping, for example in the case of 
fiber coupling. A collimated beam from a diode-laser bar, for instance, has 
a typical dimension of 1 mm x 10 mm and a beam quality Qx,o Qy,o of 
1 mm mrad X 2000 mm mrad. 

The basic purpose of transformation techniques is to change beam size 
and divergence angle in the two lateral dimensions, while maintaining the 
brightness of the system, i.e. the product Qx,oQy,o- This objective can be 
achieved with several optical arrangements, e.g. [4,15,16]. In Fig. 10 a sim- 
ple and efficient solution with a step-shaped mirror is illustrated [17]. In 
all systems the line-shaped beam, e.g. from a diode-laser bar after fast-axis 
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principle technical set-up 



Fig. 10. Transformation of beam qualities. Schematics {left), technical setup with 
two step-shaped Cu mirrors {right). With this technique the coupling of 30 W diode- 
laser power into a fiber of 200 mm core diameter (NA = 0.2) has been demonstrated 



collimation, is cut or divided into N parts, which are spatially rearranged. 
After rearrangement the beam quality in x and y directions has changed into 
Qx,iQy,i- With (8) the values for these modified beam qualities can be easily 
calculated as well as the number of beam parts, M, needed to produce a 
symmetric beam according to 



Qx,i 

Qy,l 



NQx,0 I 
Qy,0 

~W ’ 



M = 




(for Qx,l — Qy,l') • 



( 11 ) 



In order to extend output powers into the kilowatt range, stacking tech- 
niques are commonly used [18,19,20,21]. The photograph in Fig. 11 shows two 
stacks, each incorporating approximately 25 diode lasers, every diode laser 
being individually collimated by a microlens. One of the stacks operates at 
808 nm, the other at 980 nm; the beams of both are combined by the edge 
filter in front of the stacks. 

Conventional lasers for industrial applications such as CO 2 - and lamp- 
pumped solid-state lasers are usually characterized by their output power 
and their beam-parameter product, which is taken for the rotationally sym- 
metric case. Whether a laser is fit for the different fields of application, dis- 
cussed in Sect. 2.6, depends mainly on these parameters. In order to compare 
diode-laser systems with conventional lasers, the beam-parameter products 
{QxjQy) of commercial diode-laser systems have been converted to a sin- 
gle number Qx,y, characterizing the equivalent rectangular-symmetric beam. 
This conversion is performed on the basis of (11) according to the following 
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focusing system 



Fig. 11. Wavelength- multiplexed diode-laser stacks. The total output power is ap- 
proximately 1200 W ; the beam can be focused down to a spot of 2 mm x 4 mm (NA 
approx. 0.2 in both directions) 



relation 



Qx,y — Qx,qM — QyfiM 




— \/ Q X ,oQ y ,0 ■ 

These calculated data have been put together with data of commercial 
CO 2 - and lamp-pumped solid-state lasers in one diagram (Fig. 12). 




1 10 100 1.000 10.000 

Laserpower P [W] 



Fig. 12. Rated power and beam-parameter product of CO 2 -, lamp-pumped 
Nd:YAG- and diode-laser systems. The parameters of commercially available sys- 
tems are all located above the indicated lines 
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The lower limit for the beam-parameter product or the highest beam qual- 
ity is always given by the diffraction-limited Gaussian beam of wavelength A 
(GB: Gaussian Beam): 

Qgb = — 

7T 

= 0.3 mm mrad for a Nd:YAG laser with A = 1.06 pm 

= 3.0 mm mrad for a GO 2 laser with A = 10.6 pm 

= 0.24-0.28 mm mrad 

for a diode laser with A = 0. 8-1.0 pm . (13) 

In principle Qgb does not depend on the output power, from which it fol- 
lows that the brightness of a laser is unlimited in theory. In practical lasers, 
however, the maximum beam quality (or minimum beam-parameter prod- 
uct) can only be maintained up to a certain output power level. At present, 
diffraction-limited GO 2 lasers are available up to approximately 2kW, and 
diffraction- limited lamp-pumped Nd:YAG lasers up to some 10 W. Above 
these power levels beam quality decreases due to several physical and tech- 
nical shortcomings such as wave aberrations in the active medium. 

Of course, in diode-laser systems a lower limit for the beam-parameter 
product exists as well. However, the method of power scaling by spatial mul- 
tiplexing discussed in the previous sections manifests itself in a different shape 
of the curve. According to (9) the one-dimensional beam-parameter product 
scales with the square root of the laser power. The starting point for the line 
describing this scaling behavior is given by the power and beam quality of 
one elementary emitter of the two-dimensional array. For the dotted curve, 
labeled ‘Theory’ in Fig. 12, present data for a typical broad-area emitter, 
which emits 1 W at 2 mm mrad, have been taken. At low output powers, real 
diode-laser systems are available with a beam quality which closely matches 
this theoretical limit. At higher powers, where many individual emitters have 
to be combined in order to achieve the required power, actual systems have 
not come to the limiting curve, labeled ‘Theory’ in Fig. 12, as yet. 

The main reasons for this discrepancy have already been summarized 
in (10). Firstly, beam degradation and power losses can occur at the micro- 
optical collimation lens if nonoptimized components are used or if alignment 
tolerances are excessive. These aspects will be discussed in detail in Sect. 2.4. 

A second source for beam degradation can be aperture-underfilling in 
either direction of the two-dimensional array of diode-laser emitters. Figure 13 
illustrates this effect for the dimension in which the diode lasers are stacked. If 
the stacking geometry is not designed properly, the beams have considerable 
gaps and the filling factor F is well below one, thus decreasing beam quality 
according to (10). Methods to overcome this limitation will be discussed in 
Sect. 2.5 as well as techniques to solve the problem of stacking tolerances, 
shown in the right-hand part of Fig. 13. 
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Fig. 13. Reasons for beam degradation in diode-laser stacks. Apertnre-underfilling 
{left) and angnlar tolerances of the individual diode lasers (right) 



In conventional stacks, where a number of diode lasers are put on top 
of each other, the unavoidable mechanical tolerances due to water sealings, 
spacers, electrical contacts, etc. may sum up to quite large angular tolerances 
(a) of the individual diode lasers. If a is on the order of the divergence angle of 
the collimated beam, which is typically in the millirad range, the divergence 
angle of the total beam will exceed that of an individual beam. In this case (5) 
is violated and the beam quality is decreased. This problem, however, can be 
overcome by properly modified stacking techniques, as will be discussed in 
Sect. 2.5. 

2.4 Beam Collimation 

A typical property of diode lasers is the highly divergent emission in the 
direction perpendicular to the p-n junction (‘x’ in Fig. 6), the ‘fast axis’. 
Numerical apertures of up to 0.8, i.e. full divergence angles of approximately 
100°, are not unusual. Therefore, in most cases where diode lasers are directly 
used, a collimation of this fast axis is necessary. A simple and low-cost solution 
for beam collimation is a cylindrical lens as shown in Fig. 14. An important 
requirement for this cylindrical lens is that as much beam quality and laser 
power as possible must be conserved, i.e. the beam-parameter product in the 
fast axis behind the lens should be close to the diffraction limit as is the case 
right at the emission facet of the diode laser. 

In order to compare different lens types and to assess the lens performance 
in relation to the physical limit, ray-tracing calculations have been carried 




Fig. 14. Principle of fast-axis collimation with a cylindrical lens (left) and SEM 
picture of a sample (right), which has been manufactured from high-index glass 
with an ultra-precision grinding technique 
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Fig. 15. Ray-tracing calculation for the collimation of the diode-laser emission by 
a cylindrical lens 



out as explained in Fig. 15 [22]. For the calculations, a diode laser with a 
diffraction-limited beam, i.e. with Gaussian intensity profile in the x direc- 
tion, has been used as a source. The numerical aperture (NA = 0.77 in all 
examples discussed below) is the divergence angle where the intensity is re- 
duced to 1 /e^ of the center value. For the one-dimensional case approximately 
95% of the total power falls within this numerical aperture. In addition to 
the fast-axis divergence, a numerical aperture in the y direction (‘slow axis’) 
of 0.084 (approximately 5°) has been taken into consideration in all the cal- 
culations given below. This is a typical divergence angle for many diode-laser 
emitters. 

From the source point a fan of equally spaced rays has been traced through 
the lens, each ray carrying the local laser intensity. Behind the lens the intensi- 
ties of the rays are summed and plotted against the angle a (Fig. 16). These 
curves are compared with the case of a diffraction-limited Gaussian beam 
with the same diameter do as the fan of rays which leaves the lens (dotted 
line in Fig. 16). If the curves calculated by ray-tracing are in the range of this 
dotted line, the lens is assumed to be sufficient for a high-quality collimation 
of the beam. 

Figure 16 clearly shows that beams with high numerical aperture as dis- 
cussed here cannot be collimated adequately with standard piano-spherical 
or bi-convex lenses: even if lens material with high refractive indices is used, 
the numerical aperture of the collimated beam (defined as the angle with 
95% power enclosure) is more than 10 times bigger that for the ideal case of 
a diffraction-limited beam (0dl)- This is the reason why easy-to-manufacture 
plastic lenses cannot be applied here, because plastics typically have low re- 
fractive indices. The lens with the highest performance in the diagram is 
a single lens made from high refractive index glass which has an aspheri- 
cal surface, optimized for the emission characteristics of the diode-laser bar. 
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half angle [mrad] 

Fig. 16. Comparison of the quality of diode-laser beams after collimation by dif- 
ferent types of cylindrical lenses (diode laser NAfast = 0.77, NAsiow = 0.084) 



However, even with such an optimized lens the diffraction limit cannot be 
achieved under all conditions. The reason for this is the coupling of the fast- 
axis and the slow-axis divergence [23] due to Snell’s law. 

At the time of writing several manufacturing techniques are available to 
produce aspheric glass microlenses, as shown in Fig. 14, with the necessary 
accuracy in the sub-micrometer range: ultra-precision grinding [24] or ultra- 
sonic shaping with a hard-metal mould [25]. With such commercially available 
components a power throughput in excess of 90% and a beam quality behind 
the lens of approximately two times the diffraction limit can be achieved in 
the best cases [22]. 

The requirements for positional accuracy of the microlenses are as high as 
those for the shape of the lens. The most sensitive processes, leading to beam 
degradation due to misalignment, are axial defocusing and lateral beam twist. 
Axial defocusing, shown schematically in Fig. 17, means that the cylinder lens 
and the emitter facet of the bar are not perfectly arranged in parallel. While 
the emitters in the front part of the picture are assumed to be perfectly 
aligned in the back focal position of the lens (^o)j thus creating a beam with 
minimal divergence, the emitters in the rear part of the picture are axially out 
of focus, resulting in a beam with an enlarged divergence angle. If several such 
collimated diode lasers with statistically varying lens misalignment angles are 
combined, relation (5) no longer holds: the divergence angle of the total beam 
is larger than that of an individual beam and the beam quality of the total 
beam is reduced. 

With the ray-tracing modeling discussed above, this process has been 
studied quantitatively, the result being summarized in Fig. 18. The upper- 
most emitters in the picture (labeled with ‘1’) are located in the back focal 
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Fig. 17. Beam degradation due to axial misalignment between microlens and diode- 
laser bar 



Max. resulting axial shift Az (gm) 



05 10 15 20 




Fig. 18. Increase of the collimation angle due to a misalignment angle f3 between 
the microlens and the emitting facet of the diode-laser bar (NAfast = 0.77, NAsiow = 
0.084, paraxial focal length of the lens / = 0.88 mm) 



position of the lens {z = 0); the lowest emitters (labeled with ‘2’) are shifted 
in the z direction due to lens tilt as indicated by /3. A local tilt of the lens 
without any defocus only has a negligible impact on the divergence angle of 
the emitters. This can be seen for the emitter ‘1’, where the divergence angle 
remains constant over the whole displayed range of tilt angles. In contrast, 
the divergence angle of the emitter ‘2’ strongly increases approximately lin- 
early, due to the tilt-induced axial shift into a defocus position. If a variation 
of the divergence angle along the bar of some 10% is accepted at maximum, 
the axial position of the lens has to be maintained with tolerances well below 
1 pm in the case studied in Fig. 18. This imposes high demands on align- 
ment accuracy and on the long-term mechanical and thermal stability of the 
fixtures of the lenses. 

Apart from axial deviations, the back focal point of the lens may of course 
also deviate laterally (in the x direction) from its nominal position, giving 
rise to a strong twist of the collimated beam in the x direction. This process, 



324 



Uwe Branch et al. 




Fig. 19. Beam degradation in the case that the diode-laser bar is not perfectly 
straight. The exit beam looks like a ‘smile’ 



however, can be compensated by an appropriate tilt of the diode laser as 
a whole, including the lens. Another difficult to handle phenomenon, which 
cannot be compensated for, however, is the so-called ‘smile’, being explained 
in Fig. 19. If either the diode-laser bar or the micro-cylinder lens is not per- 
fectly straight, a part of the beam is shifted laterally upwards or downwards, 
with respect to its nominal position. The example in Fig. 19 shows as a result 
that the beam behind the lens then looks like a ‘smile’. 

The upper part of Fig. 20 illustrates a ‘smile’ in a typical experimental 
case. The picture has been taken by applying an appropriate imaging system, 
which strongly enlarges the x dimension. If a couple of such beams with 
statistically varying smiles are combined, the outgoing beam angle (or far- 
held image) of the total beam is enlarged as shown in the lower part of 
Fig. 20. 

In order to obtain quantitative data on the sensitivity of lateral bar po- 
sition and geometry, ray-tracing calculations for a beam slightly shifted in 
the X direction have been performed with the model and data discussed in 




Fig. 20. Enlarged picture of a diode-laser bar with a ‘smile’ of approx. 2 pm {upper 
picture)-, if a couple of these bars with statistically varying ‘smiles’ are superim- 
posed, the far-held picture is enlarged on average {lower picture) 
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Fig. 21. Dependence of the collimation angle and the beam tilt on the lateral shift 
of the diode-laser emitter in the x direction 



the foregoing section. Figure 21 shows the small effect of this shift on the di- 
vergence angle &c, which increases approximately 10%, and the much larger 
effect on the total tilt of the beam i5 as it leaves the lens. This large tilt angle 
is caused by the short focal length of the lens as is indicated in the figure. 
For a discussion of the smile effect, the tilt angle in Fig. 21 is considered to 
apply to the center part of the bar, while the wings are assumed not tilted. 
In order to keep the tilt of the beam S well below the divergence angle 6>c, a 
maximum smile of the bar below 0.5 pm has to be ensured. 

2.5 Aperture Filling and Stacking Accuracy 

If the emission of a diode-laser bar is used directly without any further optical 
processing of the slow axis, the beam quality in this direction is given by the 
product of the bar width (divided by 2) and the divergence angle of the 
individual emitter or the bar, respectively. Depending on the filling factor 
of the bar, this beam quality may be considerably lower than theoretically 
possible due to aperture underfilling as illustrated in Fig. 22. If the emitters 
shown were not spaced by the pitch of xq, but were located densely side by 
side with xq = 2wq, the total beam width and thus the beam-parameter 
product could be reduced by a factor of F = 2wq/xq. 

An alternative way to achieve this improvement is shown in Fig. 22 where, 
by means of a lens array, each individual emitter is individually collimated 
and the divergence angle thus reduced. The lenses are put at an axial position 
shortly before the beams start to overlap. The focal length of the lenses is 
chosen such as to transform the local phasefront curvature of the individual 
beam into a plane phasefront. The diameter of the individual beam is in- 
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Fig. 22. Principle and experimental setup for beam-quality improvement by slow- 
axis collimation 



creased by a factor of 1/F and according to (1) the divergence angle reduced 
by F, leading to a decrease of Q by a factor of F at best. 

Table 1 summarizes the results which have been achieved with the exper- 
imental device of Fig. 22: the beam quality could be improved by a factor 
of approximately 3, corresponding to the figure expected for the filling fac- 
tor of 0.3. However, the table shows also that considerable power was also 
lost due to reflection losses at the uncoated lens surfaces and due to the fact 
that in the specific case shown here the lens-array geometry was nonperfectly 
matched to the structure of the emitter array. Under optimized conditions a 
power throughput of more than 90% and thus a brightness increase slightly 
below a factor of 3 are achievable. 



Table 1. Improvement of the beam quality by slow-axis collimation illustrated with 
experimental results obtained with the setup of Fig. 22 (bar width: 10 mm, emitter 
width: 150 pm, emitter spacing: 500 pm) 



Divergence angle (slow axis) 
Beam-parameter product (slow axis) 
Laser power 
Brightness 



Before lens array Behind lens array 
9° (178 mrad) 3° (52 mrad) 

395 mm mrad 130 mm mrad 

Po O.YPo 

Bq 2.2Bq 



Beam-quality reduction due to aperture-underfilling has to be taken into 
consideration not only in the slow direction but also in the case of stacked 
diode-laser bars in the fast direction. In many cases a dense package of the 
diode lasers in the fast direction, such as shown in Fig. 22, is hard to achieve 
in practice or has serious technical drawbacks. In order to obtain high output 
power from compact systems, thin heat sinks in the range 1-2 mm are often 
preferred. However, with such thin and mechanically sensitive heat sinks the 
beam may be seriously degraded due to mechanical deformations which, in 
turn, lead to smile (Fig. 19) or angular tolerances (Fig. 13). Thick heat sinks 
on the other hand are mechanically stable but the stack height and thus the 



High-Power Diode Lasers for Direct Applications 327 



output power is limited by the size and handling capability of the optical 
systems needed to focus the beam on the workpiece. 

This restriction can be overcome by beam-staggering techniques as ex- 
plained in Fig. 23. In the specific case illustrated here, three stacks are used. 
The beams from the individual diode-laser bars are each collimated in the 
fast axis and have a spacing which is nearly three times the height of the in- 
dividual beams. By means of comb-shaped mirrors the emissions of the three 
stacks are staggered together into one outgoing beam, which is now densely 
packed. Filling factors in the fast direction up to about 90% have been proven 
to be achievable by applying such techniques. 

Even with structures described above, the problem remains, that small 
mechanical tolerances from water sealings and electrical contacts, located 
between each pair of diode lasers, may sum up to considerable numbers, which 
are beyond acceptable tolerances for high beam quality systems (Fig. 13). The 
stacking technique, shown in Fig. 24 (‘optical’ stacking), yields a solution for 
this problem as well as for the problem of aperture-underfilling while using 
thick heat sinks. The individual diode lasers are located side by side instead 
of on top of each other, on a staircase-shaped mechanical holder. Each beam 
from a diode laser is folded by an angle of 90° by means of individually 
aligned folding mirrors. This mechanical arrangement ensures high filling 
factors, even if thick, mechanically stable heat sinks are utilized. Due to 
the adjustable folding mirrors, mechanical tolerances of each diode laser can 
be compensated for individually, thus ensuring highly parallel emission of the 
beams. 

In Table 2 the results achieved with such an optical stack comprising 
8 diode lasers and a total power of 240 W are compared with a stack, built 
from 8 diode lasers as well but according to conventional design. Due to 
the more-precise alignment and the dense package in the fast direction, the 
brightness of the optical stack was increased by a factor of 3 over conventional 
technology. 



Fig. 23. Beam staggering for increasing the filling factor in the fast direction of a 
diode-laser stack. Principle {left) and experimental setup (right) 
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diodelaser bars 
with collimation 



simple alignment of the individual beams; 
high beam quality 




Fig. 24. ‘Optical stacking’. Schematics (left) and experimental set up {right) 



Table 2. Improvement of the beam quality by ‘optical’ stacking as shown in Fig. 24 





‘Conventional’ stack 
(Fig. 11) 


‘Optical’ stack 
(Fig. 24) 


Beam aperture (fast axis) 


14.5 mm 


10.4 mm 


Divergence angle (fast axis) 


8.2 mrad 


3.6 mrad 


Beam-parameter product (fast axis) 


58.0 mm mrad 


18.7 mm mrad 


Laser power 


240 W 


240 W 


Brightness 


Bo 


3 .IB 0 



2.6 Applications 

Two of the most important parameters for laser materials processing are laser 
power and laser intensity. Each application is characterized by a specific range 
for these two parameters. With relation (2) the process intensity can be linked 
to the beam-parameter product Q of a given laser, if a numerical aperture 
of the focusing system is assumed. In Fig. 25 this has been carried out for a 
typical numerical aperture of NA = 0.12, corresponding to a E#4 focusing 
system. By comparing Fig. 25 with Fig. 12 it can easily be determined what 
type of laser is most suitable for a specific application, at least as far as laser 
power and beam quality are concerned. 

The present high-volume markets for materials processing are marking 
and cutting/welding of sheet metal. All three require relatively high beam 
quality and, for cutting and welding, high output powers above approxi- 
mately 1 kW. Typical process intensities are in the range above approximately 
10®W/cm^. Apart from these high-power and high-intensity applications a 
broad range of ‘low-intensity applications’ exists, where the beam merely has 
to be concentrated to moderate spot sizes, and lasers with lower beam quality 
are adequate. The comparison of Fig. 25 with Fig. 12 elucidates why present 
diode-laser systems are mainly used in this regime. 

Two examples of low-power and low-intensity applications are shown in 
Fig. 26: welding of plastics and soldering. 

Plastics welding with lasers [26] in most cases requires that the two parts 
to be welded together are chosen from differently pigmented plastics in order 
to create a geometry where the laser penetrates through the transparent 
top layer and is fully absorbed at the surface of the layer underneath. In the 




High-Power Diode Lasers for Direct Applications 329 




Laser power (W) 

Fig. 25. Typical beam-parameter ranges for the most common laser applications 
in materials processing 




Fig. 26. Examples of low-power and low-intensity laser applications, using diode- 
laser systems. Welding of the plastic casing of an electronic car key {left) and 
soldering of an electrical connecting braid {right) 



example shown in Fig. 26 (left), a plastic cover has to be welded to the plastic 
casing. The cover is colored with a pigment which appears black in the visible 
spectral range, but is transparent for the IR radiation of the diode laser. The 
requirements on laser power are quite moderate, because the process power is 
applied very effectively, it only heats the joining zone and the melting energy 
for plastics is quite low. At typical widths of the joining zone, and thus spot 
size, of about 1 mm, a welding speed of 1 m/min is typically achieved with a 
laser power of a few tens of watts. 

Advantages of welding by laser instead of conventional methods such as 
ultrasonic welding are, e.g., flexibility, high quality of the weld (important in 
the case of visible seams), controllability of the power input and the possibility 
of integration into automated quality control. 
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Most of these advantages also hold for the second example shown in 
Fig. 26, the soldering of electronic or electrical components. Geometries being 
soldered range from millimeters for electric parts to tenths of a millimeter 
for electronic components. Required spot sizes and laser powers, respectively, 
vary from 1/10 mm and tens of watts up to hundreds of watts for the solder- 
ing of the connecting braid in Fig. 26. For soldering as well as for plastics 
welding, mostly fiber-coupled diode lasers are utilized, for instance according 
to the principle discussed in [26] . 

Considerably higher output powers are required in the two further exam- 
ples illustrated in Fig. 27. The right-hand side picture shows a side-cutter, 
the cutting edges of which have been hardened with diode lasers. The prin- 
ciple of laser transformation hardening involves fast surface heating of steel 
to the austenitic temperature and subsequent rapid self-quenching by heat 
conduction to the cold base material. Due to the relatively high tempera- 
tures required (approximately 750-1000° C) and the macroscopic geometry 
of typical parts (Fig. 27) the laser power needed is typically in the range 
exceeding 1 kW. Diode-laser stacks, which have recently been employed for 
these applications, are distinguished from classical lasers by the property of 
having a rectangular beam, which usually is the most desirable geometry. In 
the example of Fig. 27 the beam of the diode-laser stack was shaped such 
that the full length of the edge could be hardened in one step without any 
movement of beam or workpiece. 

The other example of Fig. 27 refers to metal welding with diode lasers: a 
stainless-steel coin, 1.5 mm thick, has been welded with a speed of 1.8 m/min , 
using a diode-laser stack of 0.7 kW power. The diode-laser beam has been 
focused to a spot size around 1.5 mm x 3.8 mm, resulting in a processing 
intensity of approximately lO^W/cm^. At these intensities heat-conduction 
welding at relatively slow speed is achievable. While deep penetration or 
key-hole welding [27] allows much higher speeds, albeit at simultaneously 




Fig. 27. Transformation hardening of the edges of a side-cutter {left) and heat 
conduction welding of a stainless-steel coin {right) 
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much higher power densities, an advantage of the heat-conduction welding 
with diode lasers is, that the weld seams are very smooth and have a very 
high surface quality. Recently, deep penetration welding of stainless steel 
(welding depth up to 6 mm) could be demonstrated for the first time by 
applying a compact high-power diode-laser stack delivering some 10® W/ cm^ 
of intensity [27]. 

2.7 Discussion and Perspectives 

The discussion in the foregoing section showed that present diode lasers are 
excellent tools for a wide range of laser applications, which require only mod- 
erate beam qualities or focusabilities. Even-larger application fields would 
be opened however, if output power and simultaneously beam quality could 
be raised in order to achieve figures comparable to present lamp-pumped 
solid-state lasers, thus enabling routine cutting and welding of metal parts. 

The sum of all laser power and beam-quality degradation processes, sum- 
marized in Sect. 2.3, is the reason why the beam-parameter product of present 
systems is above the theoretically achievable one indicated in Fig. 12: the 
more individual diode lasers are combined, the bigger is the difference be- 
tween theory and technical devices due to the increasing effect of degradation 
processes. Introduction and combination of all the technical means discussed 
in Sect. 2.5 can considerably enhance the beam quality. In addition to these 
means, several wavelengths and the two states of polarization may be com- 
bined in future high-power systems. If one takes supplementarily into account 
that output power as well as beam quality of diode lasers have constantly been 
raised over the past years, it seems feasible to build diode-laser systems in 
the future with an output power in the kilowatt range and a beam quality 
comparable to present lamp-pumped solid-state lasers. 

3 Coherent Beam Combining 

Uwe Branch 

The output power of diode lasers with diffraction-limited beams is limited 
mainly by two effects: Catastrophic Optical Damage (COD) of the laser 
facets [28,29] and instabilities in broad-area lasers [30,31,32]. Nonlinearities 
in the semiconductor material cause spatial and temporal inhomogeneities 
in the gain and index of refraction which make it difficult to stabilize the 
large fundamental mode of a broad-area laser or to get undistorted amplifi- 
cation across the aperture. On the other hand, the emitting surface cannot 
be reduced arbitrarily because the power density on the facets must not ex- 
ceed values on the order of magnitude of lOMW/cm^. This means that the 
power from small-area oscillators is limited to approximately 1 W [33], and 
the power from broad-area amplifiers to approximately 10 W [7]. Despite the 
ongoing effort to increase the diffraction-limited output power through special 
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resonator designs like the a-DFB (Distributed FeedBack) laser [34] or lasers 
with vertical output coupling through gratings [35], there has been limited 
success to develop a commercial product. But independent of the actually 
realized output, for high-power applications, the beams of a corresponding 
number N of emitters have to be combined. 

There is a fundamental limit on the maximum brightness (power density 
per solid angle) which can be achieved when combining laser beams or, in 
general, when manipulating any radiation field: there is no way to increase the 
brightness beyond that of the original radiation source, i.e., applied to laser 
beams, the brightness of the combined beams cannot exceed the brightness 
of a single beam. This follows from Liouville’s law^ which states that the 
volume of an element A 17 in the phase space remains constant: 

^A17 = ■ ■ • ApfAgi . . . A®) = 0 . (15) 

Taking into account the well-known relation between momentum p and 
wavenumber k 



Ap = hA k 



(16) 



and the geometrical relation between the beam half-angle 9i/2 and a wavevec- 
tor component A ki perpendicular to the beam propagation, it follows that 



h 

2 




Aki 

k 




(17) 



This means that the product of beam diameter - proportional to A - and 
beam divergence angle 6i and hence the (inverse) brightness, remains at best 
constant. 

The absolute minimum is given by Heisenberg’s uncertainty relation 

ApiAq,>^, (18) 

A Pi and A qi being the square root of the average quadratic deviation from 
the mean value (RMS) 



Api = \j {pi-Pi)"^ 

Agi = -\/ {q ^ ■ (19) 

^ A similar result can be deduced from the second law of thermodynamics by 
considering an (ideal) concentrator (surface area and acceptance angle of the 
entrance and exit apertures Ai, 6>i, A2, ©2, indices of refraction 711,712) in the 
radiation field of a black-body source. Since there cannot be any heat transfer 
between bodies of the same temperature, it can be shown that the maximum 
(two-dimensional) concentration is [36,37] 

^ M _ nl sin^ 02 _ NAl 
A2 n\ sin^ 01 N A\ 



(14) 
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In the case of a beam with Gaussian power-density and angle distribution 
the half width measured at 1/e^ of the maximum corresponds to two times 
the RMS values so that the Heisenberg relation reads for a Gaussian beam 



> - 
Z 7T 



or 



Ui 9 /V 

wo^— = M, 

Z 7T 



Mf>l 



( 20 ) 



with woi being the waist radius, 0i being the full angle (measured at 1/e^), 
and Mf being the beam-parameter product. The maximum brightness (for a 
given power) is that of the so-called diffraction-limited beam with Mf = 1. 

When combining N (incoherent) beams of identical polarization and spec- 
trum the power density for a given NA at best remains constant, i.e. the beam 
parameter product MfMf is increased at least by the factor TV, the bright- 
ness reduced by the factor 1/A^. Methods for power scaling with constant 
brightness or power density are position- or angle-multiplexing (Sect. 3.2). 
These methods principally allow us to realize any power by simply adding 
more lasers. 

The limitation of the brightness to that of a single laser means that for 
applications requiring beams with high-brightness single-mode lasers ought 
to be used. Despite their limited power they have the highest brightness 
which compares favorably with standard fiber-coupled high-power Nd:YAG 
lasers used for material processing: 3kW out of a 600 pm fiber (NA = 0.2) 
corresponds to a power density of l.lMW/cm^. Focusing the 200 mW beam 
out of a single- mode fiber (A = 980 nm) with the same NA results in twice the 
average power density. That means that typical power densities and powers 
needed for material processing can already be realized with the available 
single-mode oscillators in combination with angle- or position- multiplexing. 

If beams of different polarization states or spectral distribution are to be 
combined, polarization and frequency become additional generalized coordi- 
nates so that the brightness can be increased at the cost of spectral purity 
and degree of polarization. 

The limitation of the brightness does not apply to mutually coherent 
beams. They occupy the same elements in phase space and behave as if they 
came from one coherent source. Therefore only coherent superpositioning 
allows truly scalable output powers and diffraction-limited quality of the 
combined beams. 

There are three basic approaches to get mutually coherent beams, viz. 



• independent oscillators with external electronic phase control, 

• self-organizing of the oscillators by coupling through evanescent/leaky 
waves or common resonators, 

• external optical phase control by a master oscillator through injection- 
locking or amplification. 
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Methods for combining coherent beams are the phased-array technique 
with a setup similar to the angle-multiplexing of incoherent beams and the 
direct superpositioning (position and angle) with beam splitters or single- 
mode fiber couplers. 

In Sect. 3.1 the coherence properties of individual diode lasers will be 
summarized. The presentation of methods for incoherent combining of a large 
number of coherent lasers (Sect. 3.2) will show the limitations of this approach 
and will also be a basis for the discussion of methods for coherent beam 
combining of single- frequency lasers (Sect. 3.3). Finally, the limitations and 
prospects of the method of coherent beam combining will be discussed in 
Sect. 3.4. 



3.1 Coherence Properties of Diode Lasers 



The outstanding property of lasers compared to thermal-radiation sources 
is their spatial and temporal coherence due to the dominating stimulated- 
emission process in a resonant cavity. For the following, the definitions given 
below appear helpful [38,39]. 

The coherence is defined as the degree of correlation of the complex am- 
plitudes Ei(ti) of the radiation fields between two points in space and time. 
It is mathematically described by the cross-correlation function Fij (or au- 
tocorrelation function if i =j): 

r,,{T) = {E,{t + T)E,{t)) , (21) 



where the brackets stand for time averaging over many periods of the light 
waves and r = ti — tj. The degree of coherence is directly related to the 
measured contrast K in an interferometric superposition 



K = 



2y^ 

hij 



hi: 



with li = {EiEj) being the power densities and 






rjj (r) 
ru{Q)F,,{Q) 



( 22 ) 



(23) 



being the normalized cross- (auto-) correlation function or the complex degree 
of coherence. 

The spatial coherence^ i.e. the correlation between two points in space 
at the same time, is important for the maximum achievable concentration 
(brightness). Single-transverse-mode lasers have a very high degree of co- 
herence between the instantaneous amplitudes and phase angles at any two 
points across the output beam and therefore can be focused to the mini- 
mum diffraction-limited spot size and to the maximum brightness for a given 
output power [39]. 
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The temporal coherence, i.e. the correlation between the radiation of one 
source at two points in time, can also be characterized by the coherence 
time Tc 

/ OO 

l7»('r)Pdr (24) 

-OO 

or, alternatively, by the coherence length 1^ 

Ic = CTc ■ (25) 



In the case of a Lorentzian lineshape 






Aul 



(26) 



which is typical for homogeneously broadened laser radiation (centered at 
the frequency vq with a full linewidth measured at half maximum A t'p); the 
coherence time Tc gives the time difference for which the self-coherence is 
reduced to 1/e. 

The relationship between spectral linewidth A ly (FWHM) and coherence 
time Tc is 



7T A ZZJ 

21n2 1 

7T Avq 

The stability of single- (fundamental-) mode operation (wavelength A), 
i.e. the spatial coherence, of diode lasers depends on gain and loss which 
the different transverse modes experience in the active resonator. In classical 
Fabry-Perot resonators with mirror radius a and length L, the losses due to 
diffraction effects depend on the Fresnel number [39,40] 

iV, = A . ( 28 ) 

Np can be thought of as the ratio of the acceptance angle a/L of one 
mirror as viewed from the center of the opposing mirror to the diffraction 
angle A/a of the beam. Resonators with smaller Fresnel numbers {N-p < 1) 
have higher diffraction losses, because only a portion of the beam will be 
intercepted by the mirrors. Since the losses of the higher-order modes are 
growing faster than the losses of the TEMqo mode this mode can be stabilized 
by using resonators with small Fresnel numbers. A reasonable compromise 
between loss and mode discrimination are Fresnel numbers Np = 1. 

Edge-emitting diode lasers have their resonator axis (L = 1 mm) within 
the p-n junction [1]. The vertical-mode extension (orthogonal to the junction) 
is limited to approximately 1 pm. The index-of-refraction profile is designed 




Lorentzian lineshape , 

Gaussian lineshape . (27) 
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to form a single-mode waveguide. The lateral-mode extension (parallel to 
the junction) is chosen according to power and beam quality. Single-mode 
oscillators have emitters usually not wider than 4A; the wave guiding is real- 
ized either by gain guiding (through the injected current) or by index guiding. 
Due to nonlinearities and inhomogeneities it is difficult to operate broad-area 
emitters in the fundamental mode. 

In vertical-cavity lasers, the cavity is orthogonal to the p-n junction. The 
output power and the number of transverse modes depend on the (rotational) 
beam-cross-section area. 

The temporal coherence [41,42] depends on the number of longitudinal 
modes that are oscillating quasi-simultaneously and their linewidths. In ho- 
mogeneously broadened lasers theoretically only the mode with the highest 
net gain can oscillate in steady state, all other modes being below threshold. 
In edge-emitting lasers, the mode separation A t'mode 

A r-inode = (29) 

2nL 

with approximately 100 GHz is between one and two orders of magnitude 
smaller than the gain linewidth A iZgain, so that already small external pa- 
rameter changes like current or temperature fluctuations, optical feedback 
etc. prevent the laser from single-longitudinal-mode (single-frequency) op- 
eration. A grating within the cavity (DBR, Distributed Bragg Reflector or 
DFB, Distributed FeedBack) strongly increases the longitudinal-mode selec- 
tivity. In VCSELs the resonator is much shorter so that only one longitudinal 
mode can possibly fall into the gain region. 

The linewidth of a single longitudinal mode is determined by internal and 
external effects. Intrinsic noise sources like amplitude and phase noise due to 
spontaneous emission and shot noise cause a homogeneous, Lorentzian line 
broadening. External perturbations like vibrations, current or temperature 
fluctuations are the reason for inhomogeneous, Gaussian broadening. Typical 
linewidths for lasers with a Fabry-Perot cavity are of the order of 1 MHz — 
100 MHz, corresponding to a coherence length of 100 m — 1 m. DFB or DBR 
lasers have similar linewidths. External resonators allow us to reduce the 
linewidth by approximately one order of magnitude. Since the frequencies 
of the transversal modes belonging to a given longitudinal mode are slightly 
different, a strong side-mode suppression is additionally necessary. 

3.2 Combining of Diffraction-Limited Beams 

In this section methods will be presented to combine diffraction-limited (spa- 
tially coherent), but mutually incoherent, beams. Some of these techniques 
can also be used for coherent beam combining, which requires a set of diode 
lasers with mutual spatial and temporal coherence. Both combination tech- 
niques are facilitated by single-mode fiber coupling. 
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The output beam of an edge-emitting laser is given by the properties of 
the internal optical waveguide. In order to achieve a high lasing efficiency 
and fundamental-mode operation the typical size of the waveguide, or more 
precisely, the mode field diameter 2?iio (measured at the 1/e^ points of the 
power density at the laser facet) is at most 1 pm orthogonal to the p-n junc- 
tion (‘fast axis’) and 4A laterally (‘slow axis’). Assuming an ideal diffraction- 
limited Gaussian beam the corresponding far-held divergence angle 6 (full 
width at 1/e^) and the numerical aperture NA are given by [39,40] 

nwo 

NA = sm - = sm 

2 nwo 

Typical numbers for high-power oscillators (A = 980 nm. Pout = 250 mW) 
are 9 = 54°, NA = 0.45 for the fast axis and 9 = 14°, NA = 0.12 for the 
slow axis [32]. The propagation of a Gaussian beam near the waist is shown 
in Fig. 28. A convenient property of Gaussian beams is that in paraxial 
approximation (small angles 9 ) the power-density distribution always remains 
Gaussian. With (ideal) lenses the waist can be transformed to arbitrary sizes 
while the product wq 9 according to (20, 30) remains constant. 

The strong divergence requiring diffraction-limited collimating optics with 
NA values between 0.5 and 0.6 and the high aspect ratio of almost 4 requiring 
cylindrical optics suggest using Single-Mode (SM) Hber-coupled lasers. In this 
way a diffraction-limited, symmetrical Gaussian beam with a NA of 0.1 is 
provided which can be easily transformed by standard optics. 

SM-hber coupling with high efficiency requires an optimal adaptation 
of the laser beam to the fiber mode. The electric and magnetic fields that 
can propagate in waveguides with rotational symmetry can be described by 
(modified) Bessel functions [43,44,45]. In the case of SM fibers with an index 



(30) 

(31) 




Fig. 28. Hyperbolic contour of a Gaussian beam near the waist defining the waist 
radius wo, the Rayleigh range 6/2 and the far-field divergence angle 9 ([40]) 
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difference 



Ayr — ricore ^cladding ^ 1 7 



( 32 ) 



the longitudinal field components can be neglected and the modes are called 
LPjm (linearly polarized modes). The lowest-order mode is the rotationally 
symmetric LPqi mode. The appearance of higher-order modes depends on 
the normalized frequency V 



u 27 t 
P = a- 




^cladding * 



(33) 



For 0 < P < T4, with P = 2.405, only the x- or y-polarized LPqi exists. 
Hence, for a given fiber (core radius a) the operational wavelength A has to 
be larger than the cut-off wavelength Ac with 



Ac 



27ra 

2.405 




^cladding ’ 



(34) 



Usually, the cut-off wavelength is chosen to be 5-10% below the oper- 
ational wavelength. In this case the power-density distribution of the LPqi 
mode can be approximated by a Gaussian distribution. The following ap- 
proximation holds for the mode field diameter mfd (error < 0.5% for 2.1 < 
V < 2.3) [44]: 



mfd = 2wo = 2a 



0.65-^0.434 





(35) 



Using the relationship between waist radius wq and divergence angle 6 of 
a Gaussian beam (20, 30) the NA of the beam leaving or entering the SM 
fiber can be calculated according to 

6 2A 

NAbeam = sin - = sin — . (36) 

2 Trmfd 

This NA is different from the NA given by the fiber manufacturers. They 
define the maximum NA by the maximum angle of total reflection ^totrefl at 
the core-cladding interface which is meaningful for multimode fibers only but 
can formally also be applied to SM fibers: 



NAfiber 



sin ^totrefl — \J ^‘core A 



cladding ' 



(37) 



NAbeam is approximately 20% smaller than NAfiber- 
With optimized NA and neglected reflection losses the theoretical cou- 
pling efficiencies are > 99%. In reality, tolerances in lateral, longitudinal and 
angular fiber positioning and in NA reduce the efficiency. Table 3 gives the 
maximal tolerances for these parameters for a maximal reduction of the cou- 
pling efficiency of 10% each. 

A further reduction of the coupling efficiency comes from the nonideal 
collimated laser beam with a typical of 1.2 containing contributions from 
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Table 3. Tolerances for —10% (— 0.46dB) efficiency when coupling a diffraction- 
limited Gaussian beam (A = 980 nm) into a SM fiber (Ac = 938 nm, a = 3.14 |j,m, 



Ucore = 1.4551, Wclad = 1.4506) [6] 

Parameter Tolerances 

Displacement perpendicular to the optical axis ±1.1 p,m 
Displacement along the optical axis ±19)j.m 

Tilt ±1.6° 

NA ±0.03 



the diode laser (index inhomogeneities, higher-order modes), from the colli- 
mating lens (fabrication and positioning tolerances, diffraction effects), and 
from reflections from the various antireflection-coated glass-air interfaces. 

A macroscopic setup for SM-fiber coupling of a high-power oscillator is 
shown in Fig. 29. The optically relevant parts are the diode laser (A = 980 nm, 
= 250 mW, NAj_ = 0.45, NAy = 0.12), a biasphere (/ = 4.5mm,NA = 
0.55) for collimation of both axes, a cylindrical Galilean telescope to reduce 
the fast-axis diameter by a factor of 3.7 to the slow-axis diameter, and a 
second biasphere for focusing the now symmetrical beam onto the SM-fiber 
tip (data see Table 3). The best experimental results with the above setup 
are also indicated in Fig. 29. The optical-to-optical coupling efficiency was 
85%, the electrical-to-optical efficiency 30%, and the maximal output power 
of the SM-fiber-coupled laser 225 mW. Typical values, realized with a larger 
number of lasers, were 10-20% lower. 



diode laser collimator cylindrical fiber coupler 5M fiber 

tp pcrrmp ^ 




P(400 mA): 265 mW (276 mW) 230 mW (265 mW) 175 mW (225 mW) 

Fig. 29. Cross section of an SM-fiber-coupled diode-laser module. Indicated are 
typical (in brackets, optimized) laser powers in the collimated beam and behind the 
SM fiber from a Tutcore/Jenoptik 980 nm oscillator ([6]) 



3.2.1 Multiplexing Techniques 

Having a number of fiber-coupled lasers with well-defined beam properties or, 
alternatively, one- or two- dimensional arrays of edge or surface emitters the 
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next step is to find the appropriate superpositioning method for the highest 
possible brightness. As mentioned above, Liouville’s law does not allow us 
to exceed the brightness of a single radiation source when combining a num- 
ber N of sources unless these sources have different polarization, spectrum, 
or are mutually coherent. So, depending on the beam properties, different 
multiplexing methods have to be applied [2,5]: 

• Angle/position multiplexing. Any set of laser beamlets can be combined by 
angle or position multiplexing. In angle multiplexing the beams are focused 
from different angles onto the same spot while in position multiplexing 
the beams are focused from one direction onto different spots. In a first 
approximation the brightness, i.e. the power per area and per solid angle, 
remains constant assuming an optimized geometry. 

• Polarization multiplexing. Beams with different polarization states can be 
directly superimposed by using a polarization beam splitter in opposite 
directions. Since there are only two independent polarization states, the 
brightness can maximally be increased by a factor of two (in the case of 
equal powers). 

• Wavelength multiplexing. Beams with emission lines centered at different 
wavelengths (with linewidths smaller than the separation of the emission 
lines) can be directly superimposed by reversing the beams through dis- 
persive elements like prisms, gratings, or interferometers. The increase in 
brightness depends on how many beams with different wavelengths (that 
are separable by the dispersive element) can be accommodated in a certain 
wavelength range. In optical communication systems wavelength-division 
multiplexing (WDM) is beginning to become a widely used technique to 
increase the long-distance transmission capacity without increasing the 
number of fibers. In integrated optics, for example, add-drop filters can 
be realized with directional couplers (X couplers) having Bragg gratings 
inside the coupling region [46]. 

• Coherent superpositioning. The combination of coherent sources will be 
discussed in the next section. 

Concepts and experimental results of angle and position multiplexing of 
SM-fiber-coupled lasers will be discussed in the following in more detail. The 
angle-multiplexing technique will also be useful for coherent superpositioning. 

Angle Multiplexing (AMP). When using the beam bundles as they come 
from the fiber or diode-laser array directly, the average brightness is dramat- 
ically reduced because the relation between radiating area total area is very 
unfavorable. In order to optimize the fill factor F, the divergent beams have 
to be collimated by a lens array in such a way that the neighboring beams 
just touch each other. A cross section of such an arrangement is shown in 
Fig. 30. For circular beams a hexagonal arrangement of the fiber ends and 
collimating lenses gives the highest fill factor. The total beam is then focused 
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Fiber array 



NAj|„g|g Lens array Focusing optics 

Fig. 30. Angle Multiplexing (AMP). Shown is a cross section along the optical axis 
of a system with N — 37 channels. The number of channels n along the diagonal 
is approximately y/N. The comparison of the numerical apertures and beam cross 
sectional area A in the hber-array plane (1) and the image/focal plane (2) show the 
power scalability with constant power density. (P/A)totai = (A^Psingie) / (AiAsingie) = 
Psingie/Asingie. Neglected are the aperture effects of the lens array (see text) 



by a common lens onto the target. If the NA of the total (convergent) beam 
is chosen to be equal to the NA of the divergent individual beams the NA 
of the convergent individual beams is reduced by a factor corresponding to 
the number of fibers in the sectional plane. Therefore, the diameter of the 
focal spot of the individual lasers - which is in the ideal case equivalent to 
the diameter of the total spot - is increased by that same factor leaving the 
power density constant. 

The optimum fill factor is determined by contrary effects: an increase of 
the fill factor increases the NA of the focused individual beams and therefore 
reduces the spot sizes and increases the power density. On the other hand, 
the individual beams have a Gaussian power-density distribution, which is 
truncated by the apertures of the lens array resulting in a reduced transmis- 
sion and stronger diffraction effects. The dependence of average power density 
and transmitted power on the fill factor can be calculated using Kirchhoff’s 
integral [38]: 



E{x',y\z') 





^ikr 

Elx^y) cos(A:, f)dxdy , 

r 



(38) 



where 




is the vectorial distance between a point in the image plane {x',y',z') and 
a point in the ‘diffraction plane’ {x,y,0), i.e. the plane where the diffraction 
takes place. As both amplitude and phase of the electrical field are known 






342 



Uwe Branch et al. 



in the ‘diffraction plane’, the complex electrical field in any other plane can 
be calculated. Kirchhoff’s integral can be unterstood as the mathematical 
description of Huygen’s concept of describing the propagating electrical field 
as a superposition of elementary spherical waves with the initial field dis- 
tribution E(x,y), the amplitude reduction proportional to 1/r, the phase 
factor and the direction cosine between wavevector k and image point 
direction r. 

In the far-field or Fraunhofer approximation, i.e. at a distance z' from the 
diffracting structure, large compared to the size of this structure measured 
in wavelengths, 

, (40) 

the cosine function and the quadratic and higher-order phase factors can be 
neglected and the diffraction image is simply the Fourier transformation of 
the field-amplitude distribution in the diffraction plane 

E{x',y',z') = E{i7^,i7y) 

/ OO pOO 

/ (41) 
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with the spatial frequencies 



^ \z' A ’ 

and the complex phase factor 



(42) 



(43) 



With a lens of focal length / the angular distribution E{9x, 9y) can be trans- 
formed into a spatial distribution in the focal plane E'{^, rf) of the lens using 
the following relationships 



A 



X 

A/ ’ 

JL 

A/ ■ 



(44) 



The calculated dependence of power density and transmitted power on 
the (linear) fill factor {F, ratio of beam diameter at 1/e^ to center-to-center 
distance of two adjacent beams) is shown in Fig. 31. The optimum fill factor 
for highest power density is 0.9; in this case the transmitted power is 90%. 

The AMP was demonstrated with 37 fiber-coupled diode lasers each hav- 
ing an average output power of 176mW which corresponds to an average 
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Fig. 31. Power transmission T and average power density as a function of the linear 
fill factor F (Gaussian-beam diameter divided by the lens diameter) calculated for 
a single beam ([6]). Assuming an ideal superposition in the common spot this holds 
also for angle-multiplexed systems unless the total NA is too large 



power density of 2.0MW/cm^ (A = 980 nm, NA = 0.2) [6]. The beams from 
the hexagonally arranged fiber ends were collimated by an array of 4 mm- 
diameter plano-convex lenses made of the Schott glass LaSFN 31 {n = 1.86) 
cemented on a BK 7 plate {F = 0.94) and then focused by an objective (2 
lenses, / = 100 mm, NA = 0.2). 

In the common focus the average power density of the nearly Gaussian 
distribution was 175kW/cm^ (NA = 0.14 of the focused beam) which corre- 
sponds to a power density of 350kW/cm^ for the ‘standard’ NA = 0.2 (see 
the left two columns of Table 4). This is only 18% of the power density of 
the individual laser. The reasons for this reduction are of principle and of 
experimental nature, viz. 

• the hexagonal arrangement with a linear fill factor of 0.94 - already larger 
than the power-density optimized fill factor of 0.9 - results in an area fill 
factor (illuminated area divided by the area of the smallest possible circle) 
of 0.68 which is equivalent to the reduction factor for the average power 
density (—1.7 dB), 

• diffraction effects at the collimating lens array increase the focus diameter 
by 36%, thus reducing the power density by a factor 0.54 (—2.7 dB), 

• the nonoptimum alignment of the individual beams results in a further 
power-density reduction by a factor of 0.7 (— 1.5dB), 

• the reduction of the total power compared to the sum of the individual 
powers by the factor of 0.7 is composed of aperture effects (factor 0.89 
or — 0.5dB) and nonoptimum antireflection coatings and alignment (factor 
0.83 or -0.8 dB). 
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The power-density reduction is mainly due to the unavoidable geometric 
and diffraction effects yielding —(1.7 -I- 2.7 -I- 0.5) dB = — 4.9dB, which corre- 
sponds to a reduction factor of 0.33. Experimental shortcomings reduce the 
power density by another factor 0.58 or — 2.4dB. Hence, the scalability of the 
total power at constant power density or brightness with AMP is confirmed, 
but the brightness is at least 5dB lower than that of the individual lasers. 

Position Multiplexing (PMP). The preparation of the beams to be com- 
bined is similar to the case of AMP. The individual (diffraction-limited) 
beams are collimated in a hexagonal arrangement with a fill factor of 0.9. 
But instead of focusing all beams into a common focus from different angles 
as in AMP the power-density distribution behind the collimating-lens array 
(object plane) is imaged with the necessary reduction factor onto the image 
plane. In a first-order approximation one would expect a total spot size simi- 
lar to the focal spot of AMP but with individually resolvable and addressable 
spots. 

A prerequisite is that each beamlet uses the full aperture of the imaging 
optics. In this way it can be focused to its original size (same NA assumed) so 
that the total area is N times the area of one element and therefore the power 
density is preserved. This can be done in two steps: first, an inverted telescope 
reduces the beam diameter and increases the beam divergence. The remaining 
reduction is then accomplished by imaging optics in a second step (Fig. 32). 




I^^singie array telescope 



object 

plane 




imaging image 

lens plane 



beam profile 
in object or 
image plane 



Fig. 32. Position Multiplexing (PMP). Shown is the cross section along the optical 
axis of a system realized with A = 37 channels. The beam profile on the image 
plane has a hexagonal symmetry reflecting the power density profile behind the 
lens array and behind the demagnifying telescope ([6]) 



An experiment similar to the one on AMP has been executed that allows 
the direct comparison of the two methods [6] . The collimation of the beamlets 
was identical to the AMP experiment. The focusing lens (/ = 100 mm) served 
in the PMP experiment as the first lens of a Newtonian telescope.^ The 
second lens of the telescope was a biasphere with / = 4.5 mm. As imaging 

^ The simplest telescope consists of two lenses (objective of focal length /i and 
ocular of focal length / 2 ) at a distance fi + f 2 - The (angular) magnification 




High-Power Diode Lasers for Direct Applications 345 



optics a second focusing lens (/ = 100 mm) at a distance of 3.85 m from 
the telescope was used. The distance was chosen so that a total NA similar 
to that of the AMP experiment resulted. The total (linear) reduction factor 
was (4.5/100)(100/3850) = 1/850. Table 4 allows for a comparison of both 
methods. 



Table 4. Comparison of angle and position multiplexing with a system of 37 fiber- 
coupled lasers [22]. For both a single laser and the system the power on the work- 
plane, the diameter of the collimated beams, the numerical aperture of the focused 
beams, the focus diameter (at 1/e^), and the average power density (within 1/e^) 
are tabulated 



37-channel 


Angle multiplexing 


Position multiplexing 


beam 


single 


total 


single 


total 


Pfocu. (W) 


0.13 


4.8 


0.13 


4.8 


2wo (mm) 


3.8 


28 


28 


29 


NA 


0.02 


0.14 


0.14 


0.14 


2Wfocua ( M-m) 


45 


55 


4.8 


35 


/focus (kW/cm=) 


7 


175 


620 


500 



The big advantage of PMP in terms of power density, /focus, is that all the 
effects that lead to an increase of the (total) spot diameter 2wfocus in AMP 
only affect the individual spot size in PMP thus increasing the total spot size 
by only a few percent. The two remaining factors reducing the power density 
are the transmission of the optics and the (area) fill factor. The average power 
density with PMP is therefore more than 2.5 times the power density with 
AMP. 

The other big advantage of PMP is that it produces a spatially mod- 
ulated top-hat profile that can be varied without inertia almost arbitrarily 
by modulation of the diode-laser power. Two examples produced by the 37- 
channel setup are shown in Fig. 33. A disadvantage is the more complex and 
space-consuming optics. 

3.3 Phase Coupling and Beam Combining 
of Single- Longitudinal-Mode Lasers 

Power scaling while preserving the diffraction-limited beam requires the co- 
herent combining of lasers. This in turn requires that the individual lasers 
emit spatially coherent beams that have, at the point of superposition, time- 
independent phase differences. One possible way of realization is the use 
of phase-coupled diode lasers with diffraction-limited beams and sufficiently 
large coherence lengths to account for different distances. 

is given by — / 1 // 2 . The Newtonian type uses two converging (positive) lenses 
while the Galilean type uses a converging (positive) objective and a diverging 
(negative) ocular which reduces the overall length and avoids a real focal point 
within the telescope. 
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Fig. 33. Contour plot of measured power-density distributions produced with a 
PMP setup when activating a part of the 37 fiber-coupled diode lasers such that a 
cross or ring pattern results. The power-density difference between two contour lines 
is 7% of the maximum, i.e. the second outermost contour gives the 1/e^ size. The 
maximum power density according to Table 4 is approximately 600kW/cm^ ([6]) 



3.3.1 Methods of Phase Coupling 



Electronic Control. The electronic coupling scheme allows all lasers to 
emit independently, i.e. mutually incoherently. The phase difference of all 
oscillators relative to an arbitrarily chosen reference laser is measured inter- 
ferometrically and corrected by changing the individual drive currents of the 
oscillators or via an additional phase modulator. The phase control is typ- 
ically realized with an OPLL (optical phase-locked loop) well known from 
homodyne receivers in optical communication systems [47]. Problematic is 
the need of extremely fast electronics or extremely stable lasers (ratio of 
electronic bandwidth to laser linewidth of 10 or higher). 

Self- Organization. Self-organization of independent lasers requires some 
kind of interaction of the laser fields within the resonators. 

An obvious choice is to pack closely the individual emitters in a linear 
array in the case of edge emitters or in a two-dimensional array in the case 
of VCSELs [8,48]. There are a number of options depending mainly on the 
type of waveguide employed, as shown in Table 5. 

The simplest structure technology of a single emitter is the gain-guided 
laser which is preferred for high-power multimode lasers. The laser modes 
are defined only by the (plane) Fabry-Perot resonator and the gain distribu- 
tion. Therefore, the laser is sensitive to current and thermally induced index 
changes and spatial hole burning which makes it difficult to achieve stable 
single-mode operation. Adjacent lasers of an array couple through ‘leaking’ 
of optical power between the two lasers. Their phase is shifted by tt (‘out of 
phase’) which gives a lower power density in the lossy area between the gain 
guides. The width of the resulting two-lobed far-field pattern is many times 
the diffraction limit due to poor intermodal discrimination. 
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Table 5. Brief history of phase-locked diode-laser array research and develop- 
ment ([8]) 



Time period 


Array type 


Preferred 
array mode 


Overall inter- 
element 
coupling 


Single- 

mode 

selectivity 


Max. dif- 
fraction- 
limited 
power 


1978 - 


gain-guided 


leaky in-phase 
or leaky 
out-of-phase 


series 


poor 




1981 


antiguided 


leaky in-phase 
or leaky 
out-of-phase 


series 


poor 




1983-88 


positive 

index-guided 


evanescent 

out-of-phase 


series 


moderate 


0.2 W 


1988 


antiguided 


leaky in-phase 
or leaky 
out-of-phase 


series 


moderate 


0.2 W 


1989- 


in-phase 

resonant 

antiguided 


leaky in-phase 


parallel 


excellent 


2.0 W 



Index-guided emitters with a central higher iirdex-of-refraction sectioir 
allow us to favor a siirgle Gaussian-like mode similar to air optical fiber 
(Sect. 3.2). The small index difference makes them still vulnerable to laser- 
induced index changes. Neglecting absorption or scattering losses the guiding 
of the eigenmodes of the waveguide is lossless despite the fact that part of the 
wave is propagating outside the core. These so-called evanescent waves also 
allow us to couple two adjacent lasers (Fig. 34b, c). But similar to the gain- 
guided case the strong nearest-neighbor coupling is a series coupling which 
does not lead to strong overall coupling resulting again iir poor intermodal 
discrimiiration. 

So both the gain- and index-guided SM laser arrays suffer from mode 
instability of the siirgle lasers when operated at high power levels and from 
the limitation to nearest-neighbor interaction, a coupling in series which does 
not allow stable coupling for higher numbers of lasers. Antiguided lasers with 
a lower index of refraction in the center and a comparatively large index 
difference solve both problems: the single laser modes are more stable and 
coupling to the neighbors due to leaky waves is stronger (Fig. 34d,e). A 
drawback for the single laser is the strong loss through the leaky waves, 
which can be reduced by placing more antiguides parallel to the laser iir such 
a way that the leaky waves are anti-resonantly coupled back into the resonator 
(Anti-Resonant Ridge Optical Waveguide, ARROW-type lasers) [49]. In an 
array the loss due to the leaky waves is compensated by the radiation ‘losses’ 
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Fig. 34. Modes of arrays of periodic real- 
index variations, (a) index profile; (b) in- 
phase evanescent-wave type; (c) out-of- 
phase evanescent-wave type; (d) in-phase 
leaky-wave type; (e) out-of-phase leaky- 
wave type ([50]) 



of the neighbors. For the outermost lasers an ARROW-type structure can be 
used to reduce the losses. 

Especially favorable is resonant coupling which corresponds to lateral 
standing waves, so called resonant optical waveguide (ROW) arrays. In this 
case the width of the gain and the interelement (high-index) region are an in- 
teger number of half-lateral wavelengths - odd integers giving in-phase, even 
integers out-of-phase modes. Schematic representations of the lowest-order 
modes are shown in Fig. 35, whereas near- and far-held patterns of an eight- 
element array are displayed in Fig. 36. The resonant leaky-wave fan-out in 
a tree-like manner ensures parallel coupling unless the resonance frequencies 
within the array, e.g. by thermal effects, are slightly different. Figure 35 also 
shows that with increasing thermal gradient (higher pump power) the cou- 
pling is more and more reduced to the central channels, thereby increasing 
the width of the central peak. Therefore, the highest diffraction-limited CW 
power demonstrated was several hundred milliwatts (also including the power 
of the satellite peaks) . 

A coupling between the individual oscillators can also be achieved by using 
a common external resonator. This could be, e.g., a Talbot resonator [37,53] 
or a resonator with a filter in a Fourier plane within a telescope [54] . Talbot 
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Fig. 35. Leaky- type array modes. In {I, m) I is the (lateral) mode order in the an- 
tiguide core region, and m is the number of field-intensity peaks in the interelement 
regions ([51]) 




Fig. 36. Near- and far-held pat- 
terns for a leaky-mode array 
under CW operation, (a) 1.4 x 
threshold, (b) 2.4x threshold, 
(c) 3.4x threshold; (d, e) calcu- 
lated far-held pattern in the ab- 
sence of thermal effects (d) and 
with an 8K temperature rise in 
the center of the array (e) ([52]) 
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has discovered that an infinitely extended array of coherent emitters with a 
lateral period of d and wavelength A = X^ac/n is reimaged with the period 



Z'Y = 



2d2 



(45) 



Hence, for a laser array with a feedback mirror at a distance of ^t/ 2 
maximum feedback occurs if all lasers emit coherently (Talbot resonator, 
Fig. 37). A small fill factor gives the strongest discrimination. However, the 
resonator losses in the coherent mode increase as well due to the finite size of 
the array and deviations from the paraxial propagation. Another problem is 
the discrimination of the various supermodes for different Talbot distances. 
For the typically used distances the self- and nearest-neighbor coupling is 
strongest, and distant neighbors do not couple at all. 

The filtering in the Fourier plane of the total radiation field can be realized 
by inserting a telescope in front of the common plane end mirror (Fig. 38). 
The losses for the different super modes depend on the spatial transmission 
of the filter placed in the focal plane. A trade-off has to be found between 
strong mode discrimination and low additional resonator losses. 



External Phase Control (Master Laser). A general problem of the self- 
organizing schemes may be an increasing instability with a growing number 
of interacting lasers. This can be overcome by implementing a master laser 
as external reference. The master laser is protected against any feedback. 
Its radiation is fed into a tree-like amplifier chain. With a monolithically 
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Fig. 37. Talbot resonator for the coherent coupling of an A-element laser ar- 
ray ([53]). The radiation which is diffracted at the aperture of the laser elements 
is refocused and mixed after propagating twice the Talbot cavity length, i.e. the 
Talbot distance Z'^- The losses for each laser element are minimal if the radiation 
scattered into the resonator from the other elements adds in phase to the internal 
laser field, therefore, eventually leading to an array of self-phase-locked lasers 
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Fig. 38. External cavity laser system with modal filtering ([54]) for the coherent 
coupling of a 5-element laser array. Within the resonator the radiation of each ele- 
ment is collimated and propagates through a Newtonian telescope (the two focusing 
lenses) and is reflected back by the partially reflecting outcoupling mirror. A spatial 
filter (pinhole) in the common focal plane of the telescope (the Fourier plane of the 
focusing lenses) allows us to favor or suppress certain super modes 



integrated array of 4 flared amplifiers a spectrally and spatially coherent 
pulsed power of more than 5W has been achieved [55]. Roughly the same 
coherent power has been realized with an amplifier stack of nine linear 100- 
emitter arrays fed by one master oscillator [56]. 

Alternatively, the master-laser beam can be divided into several beams 
(in a tree-like arrangement, if necessary, after amplification) and fed into 
so-called slave oscillators. Under certain conditions the slave oscillators emit 
in phase with the injected master radiation. Since there is no interaction 
between the slave lasers - each oscillator ‘sees’ only the master radiation - 
this method is principally not limited in the number of coherently coupled 
lasers. 

In the following we will concentrate on the master-slave approach because 
of its power scalability. The self-organizing approaches have been tried for a 
long time but with success limited to small numbers of coupled lasers. The 
total power achieved up to now has not been appreciably higher than the 
power of an individual single-mode laser. The feasibility of the electronic 
approach has been demonstrated by laser transmission through space with 
homodyne detection. The required stable lasers and fast electronics render 
this approach still too complex to be implemented with a larger number of 
lasers. 

Injection Locking of Diode Lasers. If an electromagnetic held (e.g. from 
a master laser) is injected into a laser resonator this so-called slave laser will 
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oscillate with the frequency and phase of the injected signal if the gain for this 
signal is sufficiently large to suppress lasing on the free-running frequency. 
This injection-locking process can be described by the semi-classical laser 
theory with an external laser field [.39]. The frequency range within which 
locking occurs, the locking range, 



A t'Lock = 2|i/s 



Z/M I = 2re 




(46) 



depends on the ratio of injected master power to slave power SPm/Ps and 
the loss rate 



^■e 



In \/ R 1 R 2 
tR 



(47) 



with i?i and R 2 being the mirror reflectivities and fR, = 2nLl c the resonator 
round trip time. For a typical edge-emitting laser (L = 500 pm, n = 3.5, 
R\ = 1, i ?2 = 0.3, SPm/Ps = 1%) a locking range of 10 GHz can be expected. 
Due to light-carrier interaction in the semiconductor, the injection changes 
the index of refraction and hence the resonator frequency, resulting in a larger, 
asymmetrical locking range [57,58] 



At'Liik = - z^mI = (1 + \/l + ■ (48) 

In addition, instabilities can occur for high injected-power levels at the 
high-frequency end of the locking range resulting in a smaller and more sym- 
metric locking range approximately as given by (46). 

Stable injection-locked operation therefore requires constant operating 
conditions, in the example above maximum current fluctuations of 3 mA or 
temperature variations of 0.3 K assuming typical sensitivities of 3GHz/mA 
and 30 GHz/ K. Equally important is to reduce any feedback to levels well 
below the injected signal and to maintain an optimal injection, i.e. mode- 
overlap of resonator and injected field. 



Phased Arrays. The angular multiplexing scheme discussed above for the 
incoherent combining can also be used advantageously for combining mu- 
tually coherent laser beams leading in the ideal case to an electronically 
steerable, diffraction-limited beam [59,60,61]. 

The mathematical description is similar to the incoherent case. The propa- 
gation of each beam is described by the Fourier transformation of the electric- 
field distribution in the lens-array plane (35,36,37). But instead of adding the 
power densities, in the coherent case the electric-field distributions of the N 
beams in the far-field (or in the focal plane of the focusing lens) have to be 
added taking into account the phase factors of each beam Ej [centered at the 
position (xj,yj)] [9]: 

N 

Esys{x, y) = J2 ^j(^ -^py- yj) ■ 
i=i 



( 49 ) 
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Assuming a normalized single-emitter near-field distribution Eq^x^tj) with a 
field amplitude and constant phase factors (j)j for each of the beams j 

in the lens-array plane, 

Ej{x -Xj,y- yj) = Ef^'^ Eo(x -Xj,y- , (50) 

the field distribution of the superimposed beam in the focal plane can be 
separated into two factors, the interference and the envelope factor 



Esys{^, V) 






i=i 

X JJ Eo{x,y)e~"^^'^'^^^~^'^^^'^dxdy 



phase factor 
interference factor 



envelope factor . (51) 



The envelope factor [including the complex phase factor A (^, 77 )] is well 
known from the incoherent superposition where it describes the field distri- 
bution of a single beam (41,42,43). The interference term is caused by the 
periodic modulation of the amplitude distribution due to the Gaussian power 
distribution of the beamlets and the apertures of the lenslets of the lens ar- 
ray. The width of the central peak, in the case of equal phases (pj, is limited 
by the total numerical aperture as opposed to the incoherent superposition 
where the sub-apertures (smaller by a factor of VN) are responsible for the 
spot size. The maximum of the coherent superposition is N times the maxi- 
mum of the incoherent superposition and times the maximum of a single 
beam. 

The situation is very similar to the diffraction effects behind a grating 
illuminated by a plane wave. The interference factor is given by the peri- 
odicity of the grating (rays emerging from neighboring slits have to have a 
phase difference of multiples of A) ; the envelope factor is given by the (usually 
constant) power distribution within a single slit leading to an Airy-type mod- 
ulation of the periodic interference peaks (56). The factor '/N corresponds 
in the case of the grating to the number of illuminated slits in one dimension. 

A linear phase gradient over the system aperture corresponding to a phase 
difference of two neighboring beams 

^ (52) 

Xj — Xj-I ox 

gives a shift of the interference pattern and especially of the central peak in 
the focal plane of 

A« = g/, (53) 

In this way fast beam steering or focus shifting by electronically shifting 
the relative phases of the lasers is possible (‘phased array’). The maximum 
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Fig. 39. Maximal useful shift of the central peak of the power-density distribntion 
as function of the nnmber of emitters of a phased array. The criterion for the 
maximal shift is the decrease of the power density of the central peak by 10% 
compared to the power density of the unshifted beam ([2,9]) 



shift of the central peak of a two-dimensional array (given by a 10 % decrease 
of the peak power) normalized to the peak diameter is shown in Fig. 39. It 
increases approximately with the square root of the number of lasers N. 

The considerations above are correct for mutually coherent beams with a 
coherence degree 7 = 1. In the case of partially coherent emitters with 7 < 1 
the electric field can be divided in to a completely coherent part ifcoh and a 
completely incoherent part ifincoh [9] 

E{x, y) = + \/l - 7 -E^incoh • (54) 

These can be treated separately, which means that the power-density 
distribution is composed of a broad Gaussian-like baseline (the width of which 
is given by the NA of a single beam) with the central peak and the associated 
satellite peaks (due to the diffraction effects) on top. The power ratio is given 
by 7 , which means that the height of the central peak is also reduced by the 
factor 7 . 

Experimental Realization of a Phased Array of Coherently Coupled Diode 
Lasers. A conceptual setup of a system with 19 coherently coupled diode 
lasers is shown in Fig. 40. 

Nineteen Fabry-Perot-type slave lasers (20 mW, 675 nm) have been injec- 
tion locked each by approximately 30 pW injected power from a master laser 
(30 mW, 675 nm), followed by two Faraday isolators. The beams are fiber- 
coupled into polarization-maintaining fibers that are connected to the laser 
head which consists of a plate holding the fiber ends, a lens array (hexago- 
nal symmetry, fill factor 0.6), a beam splitter (uncoated BK7 plate) in the 
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Fig. 40. Concept for the coherent coupling of diode lasers. The output of the master 
laser is injected via beam splitters and the collimating optics into the slave lasers 
leading to a coupling of frequency and phase. The laser power of the slaves is 
transported by polarization-maintaining fibers to the laser head. There, the phase 
is controlled by a circuit containing a phase-sensitive detector, PI controller and 
phase modulator for each channel ([6]) 



collimated beam, a focusing objective for the main beam, and a detector ar- 
ray for the reflected beam. The beam splitter allows us to superimpose the 
phase-modulated master radiation with each of the slave beams for an inter- 
ferometric phase control which is necessary because of acoustic and thermal 
perturbations. The relative points in time of the zero transits are a measure 
for the phase difference, which is then corrected with a piezo-disk-shaped 
electric fiber stretcher by an analog control circuit with proportional-integral 
characteristics. The contrast of each of the interferometric superpositions is 
used to optimize the degree of coherence between master and slaves by adjust- 
ing the slave currents. Since the temperature drift is in the range of minutes 
the corrections can be done in series by a single PC. 

The realized average degree of coherence between slaves and master was 
79% with a standard deviation of 8%. With minimized back-reflections the 
coherence was higher with (83±3)%. The locking range for > 50% coherence 
was 2.8 GHz and 3.2 GHz, respectively, in good agreement with the calcu- 
lated 2.6 GHz (46). The phase-control loop reduced the phase fluctuations to 
20 mrad RMS (1.1°) under standard laboratory conditions and 140 mrad RMS 
(8°) with strong mechanical perturbations present. 

The power-density distribution together with a numerical simulation is 
shown in Fig. 41. The increase compared to the incoherent superposition 
(master laser switched off) is a factor of 13, indicating a degree of coherence of 
the system of 7 = 70%. The power contained in the central peak is 16% of the 
total power. From simulations, reasons for this small amount are derived as 
follows. The diffraction caused by the lens-array apertures with unoptimized 
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Fig. 41. (a) Measured power-density distribution in the focal plane (20 x magnified) 
of the coherent superposition of 19 slave lasers. The symmetry reflects the hexagonal 
symmetry of the fiber/lens array, (b) Calculated power-density distribution for the 
system used in (a) taking into account the nonideal coherence, alignment errors 
and different output powers ([9]) 



fill factor is responsible for the satellite peaks and reduces the power in the 
central peak to 43% for otherwise-ideal conditions. Taking into account the 
30% incoherence this number is reduced to 32%, and through additional 
alignment errors and deviations in output power to 26%. A further reduction 
can be attributed to the non-diffraction-limited lens array. 

Phase- Correcting Plates. Even with an optimized fill factor of 0.9, ap- 
proximately one third of the power is lost in the satellite peaks. Another 10% 
of the power is lost at the apertures. To increase the power in the central peak 
a beam transformation would be desirable that converts the laser field of the 
coherent array into a diffraction-limited Gaussian laser beam. Fortunately, it 
is - at least in principle - always possible to convert a well-defined amplitude 
and phase distribution in a first plane into an arbitrary field distribution in 
a second plane. For such a transformation two phase-modulating surfaces A 
and B are necessary: surface A between the two planes rearranges the power 
distribution in the second plane and surface B located on that plane corrects 
the phase distribution to get the desired wavefront. The advantage of using 
pure phase elements for the transformation is that in principle no transfor- 
mation losses occur that would reduce the system efficiency. A few exemplary 
transformation schemes will be described in the following. 

• Beam shaping of the individual beams [62] 

Each beamlet consisting of a slightly truncated Gaussian beam (fill factor 
= 0.5) is transformed into a fiat-top distribution (by surface A) with plane 
phasefront (by surface B) so that the total beam cross section is homoge- 
neously filled (Fig. 42). Thus the total beam has a uniform power density 



High-Power Diode Lasers for Direct Applications 357 




Fig. 42. Ray-trace simulation of a beam transformer from Gaussian to fiat-top with 
a biaspherical phase plate of length L = 20 mm [64] . The contour of the surfaces A 
and B (maximum amplitude = 20A) is indicated below with 100 x magnification. 
The function can be understood in the frame of geometrical optics. The rays going 
from A to B are directed by surface A such that ring segments with equal power 
dP on A are transformed into segments of the same size (dA) and power (dP) and 
hence constant power density dP/dA on B. Surface B then directs the rays again 
parallel to the optical axis 



and can be focused to a single spot (Airy disk^, the size given by the total 
beam aperture) while the total transmission would still be close to 100%. The 
collimating micro-lens array and phase-plate array A can be combined into 
a single array. Allowing for an overlap of neighboring beams on surface B 
by modifying surface A should reduce the the discontinuities of the slope of 
surface B and by that the sensitivity to alignment errors. 

By further transforming this uniform (top-hat, flat-top) profile into a 
single Gaussian profile with a plane wavefront, the total beam can be focused 
into a diffraction-limited Gaussian spot without diffraction fringes. 

® The angular power-density distribution of a homogeneous plane wave with k — 
2tv/\ diffracted at a circular aperture of radius a is given by the Airy pattern [63] 



I{6) 



7(0) 



2Ji{ka sin 9) 
ka sin 9 



(55) 



with Ji(w) being the Bessel function of the first kind of order 1. A strong central 
maximum is surrounded by circular diffraction fringes with decreasing power 
density, the radius of the first minimum - when focused with a lens of focal 
length / - is at r = 1.22/A/(2a) 
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• Power-density redistribution in the Fourier plane [65] 

Instead of individually reshaping the power-density distribution of each 
beamlet into a flat-top with phase-plate array A two Fourier transforma- 
tions with a phase plate in the Fourier plane can be used. A phase shift of 
(j) = arccos(2F — 1)/(2F"), F being the All factor of the collimated beam, 
applied to the central peak in the Fourier plane, leads to a nearly constant 
amplitude distribution after collimation. The phase is corrected by phase 
plate B (Fig. 43). 

• Phase correction in the Fourier plane [66] 

Phase plate A applies phase shifts between 0 and 27 t on the beams exiting 
the laser array. These phase shifts are chosen such that the power-density 
distribution in the Fourier plane is nearly Gaussian and that the phase dis- 
tribution is not too strongly modulated. The phases are then corrected with 
phase plate B in the Fourier plane (Fig. 44). After Altering the side lobes with 
less than 5% power content originating from the modulation of the Gaussian 
power-density distribution, is theoretically very close to 1. 

Since all transformation schemes are supposed to deliver diffraction-lim- 
ited beams at least one of the optical surfaces has to be aligned to sub- 
wavelength tolerances. In addition, the minimal dimensions that have to be 
realized on the phase plates can be quite small (several micrometers) so that 
they are difflcult to fabricate. Equally important is the efficiency of the trans- 
formation optics which is critical if diffractive optics is used. 
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Fig. 43. The upper part shows the cross section of a beam-transformation system 
to convert an array of collimated multi-Gaussian beams into one flat-top beam. 
Phase plate A in the Fourier plane transforms the power density, phase plate B in 
the image plane the phase distribution. The lower part shows the phase distribution 
${x) and the power-density distribution I[x) at different places of the optical path 
indicated by the broken line 
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Fig. 44. Cross section of a beam-transformation system to convert an array of 
Gaussian beams into a single Gaussian beam with phase plate A causing a nearly 
Gaussian power-density distribution in the Fourier plane and phase plate B for 
correcting the phase. The phase and power-density distributions before and after 
the transformation are shown below 



Direct Superpositioning. For the experimental realization angle multi- 
plexing was used to superimpose the beams in the far field. On the one hand, 
this has the advantage of electronic beam steering; on the other hand, a non- 
negligible part of the power is lost in the satellite peaks unless a suitable 
low-loss beam transformation is added. Another option is to totally super- 
impose the beams (angle- and position- wise) . In this way the superimposed 
beams have the same beam parameters as a single beam but N times the 
power and power density. This does not work with mutually incoherent beams 
because the relative phase is randomly changing with time, but is, at least 
theoretically, no problem with phase-controlled beams: one can simply use 
any beam-splitting device in opposite directions. Such a beam splitter could 
be a dielectrically coated glass plate or cube as well as an X or 3 dB coupler in 
integrated optics. The splitting ratio has to correspond to the power ratio of 
the beams to be superimposed. By adjusting the phase difference of the two 
input beams the power ratio at the two exits can be chosen. By minimizing 
the power in one channel by a feedback loop the power in the other channel 
can be maximized. 

The combining of N beams can be realized either with {N — 1) 1:1 beam 
splitters in a tree-like arrangement or with one 1:N beam splitter. Figure 45 
shows a simulation of a 1:4 beam splitter realized with three 3dB couplers 
followed by a 4:1 combiner. Since the beam-splitter section defines the rel- 
ative phases of the beams entering the combiner section the beams can be 
almost completely recombined in one waveguide. The problem of combining 
large numbers of lasers is that log 2 N steps are required each with a cer- 
tain attenuation (1 — rycomb), which leads to an exponential decrease of the 
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Fig. 45. Simulation of the beam propagation in a planar waveguide structure show- 
ing the splitting of the input power equally into four waveguides and the subsequent 
recombination in one waveguide 



efficiency rycascade with the number of combined beams, 

?7cascade = (??comb )'°®" ^ , (56) 

and the total power, respectively [67]. The 1:N beam splitter has potentially 
lower losses (unless it is made up of 1:1 beam splitters), but it is more dif- 
ficult to control the phases because there are no places where the degree of 
constructive interference can be measured separately for each channel. 

3.4 Prospects and Limitations of Coherent Beam Combining 

Principally, coherent beam combining allows us to extend the advantages 
of (low-power) semiconductor-diode lasers - compactness, high efficiency, 
compatibility with microelectronics, high modulation frequency, nearly 
diffraction-limited beam - into the medium- and high-power regions. 

Most attempts have been undertaken to couple a number of emitters on 
a chip via self-organization of the resonators by neighbor-neighbor coupling. 
It turned out that nearest-neighbor coupling is not sufficient to get a stable 
locking of the resonators. Some success has been achieved with a ‘parallel- 
coupling’ scheme (ROW), but the total power is still limited to that of high- 
power single emitters. This could be a problem of homogeneity of the larger- 
size wafer or the more general problem of self-organization of a large number 
of more or less independent emitters. 

A more complex scheme is to use external resonators which gives a 
stronger parallel coupling but relatively high resonator losses and hence 
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low efficiency if good mode discrimination is needed. The problem of self- 
organization remains. 

Starting with radiation from one master laser which is either amplified 
in a tree-like amplifier chain or fed in parallel into slave oscillators basically 
solves the problem of phase locking and guarantees stable mode quality which 
is given by the design of the slave oscillators or amplifiers. The amplifier 
solution might suffer from Amplified Spontaneous Emission (ASE) if several 
amplification steps are required. Also, the feedback into the master laser 
may become quite strong. From the point of view of scalability, the injection- 
locking scheme seems best suited since there is almost no coupling between 
the slave lasers. In addition, only a very small master power is necessary for 
an adequate locking which requires no or only slight amplification. Standard, 
highly efficient oscillators can be used, and the optical system efficiency is 
only marginally below that of the single oscillator. 

The need for an additional master laser as well as a distribution op- 
tics/network complicates the systems and requires system realization in mass- 
producible hybrid or integrated-optics technology. One possibility would be, 
e.g., a linear array of edge-emitting single-mode lasers the beams of which 
are coupled into a planar waveguide array that combines the beams with a 
series of X couplers. The distribution and feeding of the master radiation can 
be done in the same element in the opposite direction (Fig. 46). Another ap- 
proach uses a two-dimensional array of vertical-cavity lasers with an array of 
micro-optics for collimation, fill-factor optimization and injecting the master 
radiation (Fig. 47). The design is very similar ~ except for the size - to the 
phased fiber array discussed above. 

The macroscopically realized injection-locked arrays required a phase and 
coherence control because of thermal and acoustic coupling to the outer world 



slave laser 



optical diode 




Fig. 46. Schematic layout of a planar waveguide structure to combine the output 
of 77 = 16 diode lasers by a tree-like arrangement of 15 directional couplers each 
with a phase-control circuit. The 15th coupler allows us to modulate the output 
power of the array. The master radiation is injected from the exit; the optical diode 
(e.g. Faraday isolator) separates the output power and protects the master laser 
against feedback 
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Fig. 47. Design for the coherent conpling of a two-dimensional VCSEL array. The 
lens array collimates the individual beams and improves the fill factor, the phase 
plate transforms the spatially modulated beam into a homogeneous beam. The 
master radiation is injected in the reverse direction via the optical isolator. Here it 
is assumed that no dynamic phase control is necessary [68] 



which is different for each channel. First experiments with a miniaturized 
version consisting of a 5 x 5 VCSEL array showed that very stable and highly 
coherent operation is possible without any current or temperature control 
provided all the lasers including the master laser are on the same chip (and 
heat sink) and all the lasers are operated from one power supply [68] . 

Common to all coupling schemes is the task to combine the phase-coupled 
beams into one beam of diffraction-limited beam quality without losing the 
potential high efficiency of the diode lasers. The phased-array approach has 
the advantage of parallel processing which guarantees scalability, but neces- 
sitates beam-transformation arrays of high quality and efficiency. 
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Abstract. Solid-state lasers are attractive sources of coherent radiation for vari- 
ous scientific and technological applications. But the different fields of applications 
increasingly demand more powerful, efficient, and rugged lasers with higher beam 
quality. Hence, at present a new generation of laser systems, based on diode lasers, 
has begun to dominate. Through replacement of the discharge lamps formerly used 
as pump sources by diode lasers, the inherent advantages of the latter regarding 
compactness, efficiency, and reliability are directly transferred to the laser system as 
a whole. Moreover, the diode lasers allow for the realization of completely new laser 
concepts, and as a consequence, for the demonstration of laser output parameters 
that were not accessible so far. After a short introduction to the field of solid-state 
lasers, we will focus on two very promising examples of these new concepts, namely 
the fiber laser and the thin-disk laser, which have attracted much attention recently. 



1 Fundamental Concepts of Diode-Pumped 
Solid-State Lasers 

The most widely used solid-state laser material today is Neodymium-doped 
Yttrium Aluminum Garnet (Nd:YAG), operated at a laser wavelength of 
1.06 pm. In addition to this, a number of different laser materials have been 
developed during the last few years in order to serve various scientific and 
technological applications, especially in medicine and metrology. The emis- 
sion wavelengths of these materials are located in the near infrared (Table 1). 
In the case that visible radiation is required, the infrared laser emission has 
to be converted using nonlinear techniques like Second-Harmonic Generation 
(SHG). Although some ions offer possible laser transitions in the visible, the 
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operation of such lasers has been hampered on the one hand by unfavorable 
laser parameters and on the other by the lack of suitable pump sources, as in 
the usual laser scheme the pump wavelength has to be shorter than the laser 
wavelength. Only recently have new laser concepts made possible the real- 
ization and exploitation of more-complex laser schemes, opening the route to 
direct visible laser emission (Sect. 2.5). 



Table 1. Selected solid-state laser materials with corresponding laser and pump 
wavelengths 

Solid-state laser material Laser wavelength Pump wavelength 



(M-m) (pm) 

Yb:YAG'‘ 1.03 0.94 

Nd:YAG'‘ 1.06, 1.32, 1.44 0.81 

Tm:YAG'‘, Tm:YLF'= 2.1 0.78, 0.80 

Er:YAG‘", Er:YLP'", Er:BYF‘= 3.0 0.79, 0.97 



^ YAG: Yttrium- Aluminum- Garnet, YLF: Yttrium-Lithium-Fluoride, 

^ BYF: Barium- Yttrium- Fluoride 

The typical solid-state laser comprises a laser-active medium with the 
shape of a rod. This geometry is most easily manufactured and gives the 
output beam a generic rotational symmetry, which is often favorable. Other 
geometries like rectangular slabs are used if special laser parameters have 
to be realized or special characteristics of the gain medium are required. 
In general, the majority of solid-state lasers for industrial applications are 
optically excited by noble-gas arc lamps. Mounting the laser rod and the 
arc lamp together in a reflecting chamber gives the simple and rugged setup 
shown in Fig. 1. Unfortunately, the broadband spectral emission of arc lamps 
only poorly matches the narrow absorption lines typical for the active ions 
in solid-state laser media. Therefore, only a small fraction of the absorbed 
pump power is transferred to the upper laser level. In addition to efficiency 
problems, a strong heating of the laser material results, which decreases beam 
quality and attainable output power. Typically, less than 3% of the electrical 
input power to these laser systems is converted into laser radiation [I]. 




Fig. 1. Conventional lamp-pumped solid-state laser 
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Compared to arc lamps, diode lasers with their efficiencies of more than 
50% are ideal pump sources for solid-state lasers. Becoming available in quan- 
tities during the last decade, powerful and reliable diode lasers triggered the 
development of a wide spectrum of new concepts and geometries for solid- 
state lasers. The narrow spectral emission of diode lasers can be tuned in 
order to match exactly the pump transition of the laser ion, thus minimizing 
the heat production inside the solid-state medium. This leads to higher ef- 
ficiencies and beam qualities. Moreover, the lifetime of diode lasers exceeds 
10 000 h - to be compared to less than 1000 h for the lifetime of an arc lamp. 
This enables a reliable and maintenance-free long-term operation of the over- 
all laser system. 

Another characteristic feature of diode lasers is the directionality of their 
emission. In contrast to lamps the diode-laser radiation can be focused rather 
easily to small spots. This gives access to very high pump intensities, which in 
turn allows us to operate new laser transitions in practical, efficient devices. 
Moreover it is possible to selectively excite the region of the laser-active 
medium which is filled by the laser mode. This good overlap between the 
pump volume and the resonator’s mode volume results in very high efficien- 
cies close to the theoretical limit established by the quantum defect, which 
is the energetic difference between pump and laser photons. In addition, a 
carefully designed system operates in the lowest-order transverse resonator 
mode, which gives the optimum beam quality. A typical example for this type 
of laser geometry is shown in Fig. 2a. Numerous investigations have been car- 
ried out in order to optimize the transfer of pump power into the laser mode 
volume, taking into account the characteristics of the laser material and of 
the pump diodes [2, 3,4, 5]. 

Fig. 2b shows a side-pumping setup, which is favorable in some cases, es- 
pecially in high-average-power systems, where the necessary amount of pump 
power cannot be delivered through the small end faces of the laser crystal. 
Within the limits discussed in the following section, side pumping permits 
easy scaling of the output power by increasing the length of the laser medium. 

As a consequence of their combination of characteristics, diode lasers are 
highly attractive pump sources for solid-state lasers. In addition to improving 
existing setups, they allow for the realization of completely new laser con- 
cepts. Examples are fiber lasers and thin-disk lasers, which will be discussed 
in detail later on in this chapter. 

1.1 Thermal Considerations 

The optical excitation process in solid-state lasers inevitably produces heat 
inside the gain material due to non-radiative transitions. Depending on the 
given experimental conditions, lamp pumping generates up to four times more 
heat than diode pumping at the same level of power delivered to the upper 
laser level [6] , but even in the case of excitation by diode lasers the heat load 
is not zero. Usually this is described by the fractional thermal load, which is 
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(a) Laser Focusing Outcoupling 

diode optics mirror 




Fig. 2. Diode-pumped solid-state lasers with (a) longitudinal pumping and (b) side 
pumping 



the ratio of generated heat power to the absorbed optical pump power. For 
example, if the widely used laser material Nd:YAG is pumped by diode lasers 
at 808 nm, this quantity has a value of about 0.4 as long as no laser power is 
extracted. Under conditions of laser extraction its value drops to about 0.3 
[7,8]. 

It is exactly this heat load which usually limits the performance of solid- 
state lasers in terms of output power and beam quality. Heat generation 
takes place in the volume of the gain material, while cooling is performed at 
the edges, either by a flow of coolant or by conduction to a heat sink. This 
situation leads to a non uniform temperature distribution inside the pumped 
laser medium and consequently to mechanical stress. Hence the ultimate limit 
for the amount of pump power that can be applied to a piece of laser material 
and therefore for the attainable output power is given by stress fracture. 

In the conventional end-pumping geometry (Fig. 2a), the highest tensile 
stress occurs at the pumped end face. For Nd:YAG, the obtainable output 
power from a rod end-pumped through both end faces has been estimated 
to be about 60 W [9]. This limit can be pushed to higher values by using 
rods with undoped end caps, thus removing the heat from the physical end 
faces [10,11]. Higher output powers can be realized by incorporating more 
than one rod into the resonator, at the expense of increased complexity, or by 
using long rods with low absorption, which prohibits the selective excitation 
of the transversal fundamental mode in most cases. 

Applying more pump power is easier in side-pumping setups, just by 
increasing the rod length while keeping the pump-power density constant. 
Nd:YAG rods can tolerate pump powers on the order of 300 W /cm of length 
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in safe operation [12,13]; larger values probably lead to crystal damage by ten- 
sile stress at the rod circumference. With these pump powers output powers 
exceeding 1 kW out of a single laser crystal are possible. 

But mechanical fracture is not the only thermally induced effect to be con- 
sidered in solid-state laser design. In general, the refractive index of the laser 
medium is dependent on temperature. Thus the temperature profile leads to a 
corresponding refractive-index profile inside the gain medium, which therefore 
has a lensing effect on the laser radiation. Especially in end-pumped systems 
the deformation of the end faces also contributes to this thermally induced 
lens. Under the assumption of temperature-independent heat conductivity, a 
homogeneously heated long rod cooled at its circumference has a parabolic 
profile of its refractive index [1]. The resulting lensing effect can in principle 
easily be compensated for with standard optical components inside the res- 
onator, but only for a fixed pump-power, because thermal lensing of the rod 
is pump-power dependent. In real laser devices the variation of heat conduc- 
tivity with temperature and a spatially non-uniform distribution of absorbed 
pump power lead to aberrations of the produced lens, which severely affect 
extraction efficiency and output beam quality [9,14]. The strong absorption of 
diode-laser pump radiation can result in very inhomogeneous pump-radiation 
distributions. Therefore, in order to fully exploit the advantage of generat- 
ing less heat compared to lamp-pumping, attention has to be paid to the 
distribution of absorbed pump power [12]. 

Another thermal effect degrading the laser performance is stress-induced 
birefringence, which results in depolarization and bifocusing [1]. Depolariza- 
tion causes losses in the presence of polarizing elements within the resonator. 
The bifocusing effect has been shown to limit the achievable output power 
in transversal fundamental- mode operation from rod lasers [15]. Up to SOW 
of CW output power in fundamental-mode operation from a single Nd:YAG 
laser rod has been demonstrated experimentally [16]. A possibility to avoid 
the limitation due to bifocusing may be the use of laser materials in which the 
thermally induced birefringence is only a small perturbation to their natural 
birefringence [15]. Unfortunately, these materials tend to have other draw- 
backs like low thermal conductivity or low stress-fracture resistance which 
limit their use in high-power applications. 

The thermal effects discussed so far make thermal management an es- 
sential part of solid-state laser design. In order to effectively remove heat 
from the gain material, a high ratio of cooled surface to pumped volume is 
favorable [34]. Starting from a conventional rod cooled at the circumference, 
this can be achieved by making it very long and thin, resulting in a fiber 
geometry. It can also be realized by making it very short and cooling the end 
faces, which leads to a thin-disk design. These are two promising new laser 
concepts which recently attracted much attention. They will be treated in 
the remainder of this review. 
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2 Fiber Lasers 

Fiber lasers offer the possibility to overcome the limits in scaling the output 
power of solid-state lasers while maintaining the beam quality [17,18]. The 
beam quality of the resulting laser beam is determined by the refractive-index 
profile of the fiber which in turn is defined by the geometrical dimensions and 
numerical aperture of the active-waveguide structure. Independent of exter- 
nal influences, the laser oscillates in the transverse fundamental mode. This 
means that compared to conventional (even diode-pumped) solid-state lasers, 
fiber lasers are completely immune to thermo-optical effects. Effects such as 
thermally induced lens formation and stress-induced birefringence in the ac- 
tive region resulting in a degradation of the beam quality as a function of the 
pumping power and reduced efficiency are not observed even at high output 
powers. Furthermore, for fiber lasers the thermal load caused by the pumping 
process is spread over a longer region as well, as due to the greater surface- 
to- volume ratio, heat is more efficiently removed, and thus the observed tem- 
perature increase in the laser core in comparison to solid-state diode-pumped 
lasers is small [19]. Therefore the reduction of the quantum efficiency of the 
active medium with increasing temperature during laser operation plays a 
subordinate role in fiber-laser geometries. 

Since the length of the active medium needed is determined by the pump 
absorption requirements when designing an end-pumped bulk laser device, 
the pump spot size and therefore the pump intensity is limited by the confo- 
cal parameter of the pump radiation. This situation is somewhat different in 
a waveguide device. Pump radiation which is launched within the fiber core 
continues to propagate down the fiber until it is completely absorbed while 
maintaining the spot size diameter, resulting in large values of the pump 
intensity times interaction-length product. Due to the high intensity in the 
active core and the large interaction length of pump radiation and laser radia- 
tion, multiple laser transitions are observed in active fibers. Weak absorption 
bands and weak or three-level transitions can be exploited in CW laser oper- 
ation, which in general cannot easily be achieved in solid-state lasers. Even 
visible and ultraviolet laser transitions have been operated by producing an 
efficient population and inversion of energetic highly excited states in active 
ions through the absorption of two or more low-energy photons. Near-infrared 
pumping radiation can therefore directly be converted into visible laser ra- 
diation (up-conversion laser process, [20]). Table 2 shows a selection of the 
most-important laser transitions in the mid-infrared to ultraviolet spectral 
range [21,22,23]. 

Gain values which can be achieved by fiber lasers for single transitions 
in the active region are in the 30 dB range. So far the maximum achievable 
output power in laser operation is limited by the available pump power. For 
diode-pumped monomode fiber lasers the beam quality and output power of 
the diode laser limits the power scalability to a few hundred milliwatts. 
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Table 2. The emission spectrum of fiber lasers ranges from the mid infrared to the 
ultraviolet 
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2.1 Laser-Active Waveguides 



In contrast to conventional solid-state lasers in which at least a free optical 
beam path is formed in the laser resonator, the beam formation and guiding 
in a fiber-laser device is realized in optical waveguides. In general, these wave- 
guides are based on rare-earth-doped optical dielectric materials. Materials 
used such as silica, phosphate glass and fluoride glass display attenuation 
of about lOdB/km, many orders of magnitude less than in solid-state laser 
crystals. Both the absorption bands as well as the emission bands of the rare- 
earth ions display a spectral broadening compared to crystalline solid-state 
laser materials due to the interaction with the glass matrix. This reduces the 
frequency stability and bandwidth requirements of the pump-light source. 
Thus, wavelength selection of suitable diode-laser pump sources, and even 
temperature stabilization of the pumping source is not required in general. 

Figure 3 shows the structure of an active fiber. The fiber consists of a 
rare-earth-doped active core with a refractive index ni, generally surrounded 
by a pure silica-glass cladding of refractive index U 2 < ni so that, based on 
total internal reflection on the interface surface between the core and the 
cladding, waveguiding takes place in the core. The core of the fiber laser is 
both the active medium and the waveguide for pump radiation and generated 
laser radiation. The complete fiber is protected against external influences by 
a polymer coating. 

The beam quality of the fiber laser is determined only by the given optical 
characteristics of the refractive-index profile of the waveguide. If the fiber core 
satisfies the conditions for the dimensionless fiber parameter V as follows: 




^NA < 2.40, 
A 



( 1 ) 



where a is the radius of the core and A the wavelength of the laser radiation, 
only the transversal fundamental mode can propagate through the fiber. For 
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Axial section 

Fig. 3. Geometry of a single-clad laser fiber. The rare-earth-doped active core is 
surrounded by a cladding of undoped fused silica. A polymer coating is used to 
protect the fiber from environmental influences 



these fibers the term monomodal or single-mode fiber is used. The diameter 
of the core is typically 3 to 8 pm. For larger core diameters higher-order 
transversal modes can also occur in which case the term multimodal fiber is 
used. The numerical aperture NA defines the sine value of the angle to the 
fiber axis up to which radiation is being coupled to the fiber. The number of 
modes Z propagating in the fiber is approximated for large values of the fiber 
parameter V according to ^ = 17^/2 [24]. To reduce optical spreading of the 
modes in the coating of the fiber, the coating has to have a higher refractive 
index 713 > U 2 - 

Commonly, in order to optically excite the fiber laser, the pump radia- 
tion is coupled through the fiber facet into the laser core. However, in the 
case of longitudinal pumping the pump radiation has to be coupled to the 
waveguide which has dimensions of a few microns. Therefore highly brilliant 
pump radiation sources are required to excite monomodal fibers, which are 
so far limited to output powers of about 1 W. To scale up the pump power 
one needs a larger fiber diameter that is adapted to the beam-parameter 
product of a high-power diode laser-array. However, the enlarged active core 
of the fiber allows higher transversal mode oscillations, resulting in reduced 
beam quality. An alternative is to use separate cores for pumping and lasing, 
the so-called double-clad design described below [25] . With this concept the 
operation of a fiber laser with an output power of several tens of watts was 
possible for the first time [26,27]. 
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2.2 Double-Clad Fiber Lasers 

In the case of double-clad fibers the pump radiation is not directly launched 
into the active core but into a surrounding multimode core known as the 
pump core. In order to realize the pump core which also acts as cladding 
for the active core with optical-waveguide characteristics, the surrounding 
coating must have a smaller refractive index. Normally a fluorine-doped silica 
glass or a highly transparent polymer with a low refractive index such as 
silicone or Teflon is used. The diameter of the pump core is typically a few 
hundred microns and its numerical aperture NA = 0.3 to 0.7 (Fig. 4). 

The pump radiation which is launched into the pump core is coupled 
into the laser core over the entire fiber length and is absorbed there by the 
rare-earth ions, so the upper laser levels are excited. Using this technique 
the multimodal pumping radiation from the high-power diode lasers can be 
effectively converted into laser radiation with excellent beam quality. 

The efficiency of a fiber laser is strongly dependent on the coupling of 
the pump radiation from the pump core to the laser core. In conventional 
double-clad fibers with centered laser cores and circular pump cores the pump 
radiation is only partially absorbed, and a large portion is transmitted inde- 
pendent of the fiber length and doping concentration. The proportion of the 
unused pumping power is determined only by the geometry of the double-core 
fiber. In general, for fibers with 100 pm pump core diameter and 5 pm laser 
core diameter, only about 30% of the pump radiation can be absorbed. 

In order to improve the pump-radiation absorption and thus achieve a 
more-effective laser operation, the propagation of the pump radiation in the 





Fig. 4. Double-clad fiber laser. The active single-mode core is surrounded by a 
pump core with dimensions of a few hundred microns and a numerical aperture in 
the range 0.3 to 0.7 
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pump core must be carefully considered. Thus modeling and optimization of 
the absorption process has been a main area of interest in high-power fiber 
laser studies in recent years. In the following section absorption characteristics 
will be discussed briefly. 

2.3 Pump-Radiation Absorption in Double-Clad Fibers 

To describe the pump-radiation propagation and absorption in double-clad 
fiber lasers, two different methods can be applied. The wave-optical approach 
is based on solutions of the wave equation in the form of Bessel functions for 
cylindrically symmetric waveguides. The ray-propagation method is based on 
geometrical optics and uses ray-tracing algorithms; within this model pump- 
radiation absorption in fibers can be determined regardless of the waveguide 
geometry. 

In the wave optical-picture, the held distribution can be determined in 
cylindrical optical waveguides by solving the wave equation. For a specific 
mode LPjm with mode numbers I and m using cylindrical coordinates r and 
ip the radial distribution of the electrical-field amplitude Ei^ of the fiber 
mode is described by Bessel functions {Ji, Ki) and the azimuthal distribution 
by sine functions with phase S: 

= oi sin(/i^ -h S)Ji{'jr) , 

^cladding ^ d)Ki{jr) , (2) 

Using an approximation (similar to the Wentzel-Kramers-Brillouin approx- 
imation known in quantum mechanics) it is possible to obtain the missing 
constants a\ and 02 as well as the spreading constant 7 = ^{m,l,V) for a 
defined fiber. The intensity of the individual modes is obtained by the square 
of the held strength and is depicted in Fig. 5 for some low-order LP modes. It 
can easily be seen that fiber modes with azimuthal mode number I > 0 (by far 
the majority of fiber modes) show no intensity on the fiber axis (cf. helical 
radiation). Double-clad fibers with centrally arranged laser cores therefore 
show reduced optical efficiencies. 

In order to perform a more quantitative analysis of the pump-radiation 
absorption, the overlap between the intensity of all modes induced in the fiber 
and the active core of the fiber must be determined. The absorption coeffi- 
cient for each individual LP mode is obtained from the overlap of its intensity 
and the rare-earth distribution in the fiber. A disadvantage of this method 
to determine the pump-radiation absorption is, however, that it is only ap- 
plicable to rectilinear fibers with circular pumping cores. This description is 
no longer applicable to the generally used coiled fibers. 

An essentially more versatile method used to describe the pump-radiation 
absorption in double-clad fibers is obtained by applying ray-tracing methods 
to optical waveguides, which is valid as long as the dimensions of the optical 
waveguide are greater than the wavelength of the radiation. 
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LPqi LF{)2 LPi2 LP 22 



Fig. 5. Intensity distribution of low-order LPi^ fiber modes. The azimuthal mode 
number I and the radial mode number m correspond to the number of minima 
in the intensity distribution in azimuthal and radial directions, respectively. With 
increasing radial mode number the intensity in the center of the fiber decreases. 
Left-, the fundamental mode LPqi 



From the ray-tracing point of view the pump radiation launched within a 
circular core can be divided into two categories: meridional rays and helical 
rays (Fig. 6). In principle only meridional rays passing through the center of 
the pumping core and thus through the laser core can be absorbed. Helical 
rays cannot fall below a certain inner radius and thus cannot be absorbed. 
The limitations to fibers with circular pump-core cross sections do not apply 
to ray-tracing methods; all geometries can be simulated. 

To improve the pump-radiation absorption and accordingly to increase 
the optical efficiency of double-clad fibers, two basically different concepts 
may be followed. Firstly, fiber designs can be developed which prevent the 
propagation of helical radiation. Helical radiation resulting from mode mixing 
is utilized in the second method. 

A distinct improvement in the pump-radiation absorption especially for 
short fibers has been made possible by the development of new pump-core 
geometries which utilize a disturbance of the rotational symmetry of the 
fiber along the longitudinal axis {z axis) to hamper the propagation of he- 
lical rays. Rectangular and D-shaped pumping-core cross sections enforce a 





Fig. 6. Meridional and helical rays in the pump cladding of a double-clad fiber. He- 
lical rays cannot fall short of a certain inner radius ri, and thus cannot be absorbed 
in the active core 
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chaotic spreading of the pump radiation and ensure that the pump radia- 
tion coupled into the pump core crosses the active core during propagation. 
Thus complete pump-radiation absorption occurs even within a short fiber 
length. The calculated pump-radiation absorption in such fibers with novel 
geometries is shown in Fig. 7. Fibers with similar cross-sectional areas were 
simulated in order to compare the different designs. 

Absorption of helical radiation can also be achieved by geometries in 
which the active core is positioned decentered in the pump core rather than 
at its center. Such off-center cores then lie in a region crossed by helical 
radiation which can therefore be absorbed. The pump-radiation absorption 
of a conventional centralized double-clad fiber is also shown. The above- 
mentioned absorption saturation occurs within a short fiber length. 

As an alternative to the costly manufacturing of fibers with non-round 
pumping cores a concept was developed by which a suitable mode mixing im- 
proves the pump-radiation absorption in circular fibers with centered pump 
cores. The curvature in the course of the fiber causes pump radiation from 
the outer regions of the pumping core to be added to that of the center 
core. A form shown to be especially favorable for pump-radiation absorption 
arises when the fiber is coiled in a kidney shape (Fig. 8). The successive 
fiber parts with different radii and directions of curvature give rise to an 
excellent pump-radiation absorption. Figure 9 shows the pump-radiation ab- 
sorption for a kidney-shaped coiled fiber. Noticeable is the step-shaped trend 
of the absorption especially for small radii. This effect, which has also been 
experimentally observed, can be explained by the increased pump-radiation 
absorption directly following a change in the direction of curvature. 




Fig. 7. Normalized pump-radiation absorption in double-clad fibers with novel ge- 
ometries. The highest pump-radiation absorption for a given fiber length is observed 
in D-shaped or rectangular fibers. In double-clad fibers with centered active cores, 
only a small fraction of the pump radiation can be absorbed 



New Concepts for Diode-Pumped Solid-State Lasers 



381 




Fig. 8. Double-clad fiber coiled in kidney shape in order to increase the pump- 
radiation absorption. The high intensity inside the core causes visible up-conversion 
fluorescence 




Fig. 9. Pump-radiation absorption in fibers with kidney-shaped curvature. The 
parameter r denotes the largest bending radius of the kidney 



A disadvantage of the kidney-shaped coil geometry is that generally very 
long fibers (80 m — 100 m) are required for total pump-radiation absorption. 
Especially for three-level laser systems in which case reabsorption of the 
laser radiation occurs, long fibers are not acceptable, and so these geometries 
are reserved for low- loss fibers with four-level laser transitions. However, the 
fibers are easy to manufacture and show a compatibility with standard fiber- 
optical components. 

2.4 High-Power Laser Operation 

Fibers used in high-power experiments have silica pumping cores of diameter 
400 pm and numerical aperture NA = 0.38, so that a high-power diode-laser 
array with a beam-parameter product up to 80 mm mrad can be coupled 
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into the core. The laser core of the fiber has a diameter of 10 to 12 |j.m 
at a numerical aperture of NA = 0.17. Therefore these fibers are slightly 
multimodal at an emission wavelength of about 1 pm. The fiber core is doped 
with approximately 1300 ppm (mol) Nd^+ ions as laser-active material. In 
order to increase the absorbed pump power, an 80 m-long central symmetrical 
fiber was coiled in kidney shape. A diode-laser module with 100 W output 
power at 810 nm wavelength was used as a pump source. Using this diode- 
laser module a pump power of 72 W was coupled into the pump core of the 
double-clad fiber. Figure 10 shows the experimental arrangement of the high- 
power fiber laser. The pump radiation of the diode laser is coupled into the 
core of the active fiber through the resonator mirror by means of coupling 
optics. On the output side of the fiber a highly reflective mirror is present 
to reflect non-absorbed pump radiation back into the fiber. For optimum 
laser output the transmission of the mirror at the laser wavelength is about 
90%. (Due to the high amplification in rare-earth-doped fibers the optimum 
outcoupling is clearly higher than that of conventional solid-state lasers, and 
laser operation is even possible without feedback.) 

From a double-clad fiber laser with optimized pump-radiation absorp- 
tion in kidney-shaped coiled geometry a CW output power of 32.5 W for 
a launched power of 72 W was achieved. The optical efficiency as a func- 
tion of the pumping power is about 46%. For the D-shaped fiber with the 
same pump-core diameter an output power of about 30 W at a significantly 
shorter fiber length is observed. Computer simulations indicate that com- 
parable output powers can be expected from ytterbium-doped fibers with 
slightly increased overall efficiency. However, suitable commercial high-power 
pump-laser sources operating around 915 nm have become available only re- 
cently. 

The beam quality is given by an = 1.3, corresponding to monomodal 
laser emission. Higher-order modes which are guided in the fiber due to its 
core geometry are effectively suppressed in laser operation due to higher 
losses compared to the fundamental mode. The linear power characteristic 
(Fig. 11) indicates that although the power density is well above 3 MW/cm^, 
no saturation effects owing to nonlinearities or thermally induced effects oc- 
cur. Hence for the fiber lasers used we can obtain linear power scaling to even 
higher output powers by increasing the pump power. 



Diode laser HR 1065 HR 810 




Fig. 10. Experimental setup of a high-power fiber laser 
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Fig. 11. Input-output curve of a high-power Nd^^-doped fiber laser. The slope 
efficiency is 46%. The fiber length is 80 m 



The spectral properties of fiber lasers are fundamentally different from 
those of conventional solid-state lasers. As a result of spectral broadening of 
the laser transition of the neodymium ions in silica host material the emis- 
sion linewidth is typically 15 nm (Fig. 12). Fiber lasers are therefore attrac- 
tive for novel applications in measuring techniques such as coherence radar. 
In addition, the spectral width prevents the onset of Stimulated Brillouin 
Scattering (SBS) which causes a limitation of the transferable power through 
monomodal fibers in narrow-band lasers, depending on the fiber length, to a 
few watts. 

The limits of power scalability are defined by the damage threshold of 
the fiber facets and laser mirrors, as well as by Stimulated Raman Scattering 




Fig. 12. Emission spectrum of a fiber laser operating at 20 W output power 



384 Andreas Tiinnermann et al. 



(SRS). The damage threshold is approached at an output power of about 
200 W for a single-modal core at 1 pm; the threshold for SRS is in the range 
between 200 W and 300 W, depending on the fiber length so that a scaling 
in the 100 W region for diffraction- limited output from a fiber device should 
be feasible. 

2.5 Fiber-Laser Emission in the Visible Spectral Region 

The high interaction length-intensity product, only attainable in fiber lasers, 
permits the realization of novel up-conversion-based laser schemes. By means 
of a stepwise absorption of the pump radiation, highly excited states can be 
occupied, so that laser emission occurs at short wavelengths, without the need 
to apply parametric optical methods [28] . Laser oscillation is achieved at room 
temperature for various rare-earth ions in a fluoride-glass matrix in the visible 
and ultraviolet spectral regions whereby in ZBLAN glass (ZrF 4 -BaF 2 -LaF 3 - 
AlFa-NaF) with a phonon energy of 580 cm“^, in general the lowest lasing 
threshold, is observed. Common silica and phosphate glasses with phonon 
energies higher than 1000 cm“^ are not suitable as host materials for the 
manufacture of up-conversion lasers, as non-radiative relaxation processes 
limit the transition lifetimes of the rare-earth doping ions, and thus prevent 
an efficient multi-photon excitation. 

Using fluoride-glass fibers, all-solid-state laser systems with output powers 
up to some 100 mW in the visible spectral range have been demonstrated. 
Laser schemes in praseodymium, erbium and thulium are shown in Fig. 13. In 
comparison to erbium and thulium ions, whereby a multi-photon excitation 
of the upper laser level occurs for a pump radiation at 970 nm and 1122 nm, 
respectively [21,29,30], the excitation of praseodymium ions is realized by 




Tm^- 




Er3+ 



-| 30 





Fig. 13. Laser schemes for up-conversion lasers based on thulium, erbium and 
praseodymium/yttrium doping with emission wavelengths in the visible spectral 
region. Inversion results from multi-photon long- wavelength pump-radiation ab- 
sorption. Laser emission occurs at 480 nm (Tm) , 546 nm (Er) and 635 nm (Pr) . 
Double arrows indicate non radiative relaxation processes 
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an energy transfer from the sensitizer material ytterbium to the laser-active 
praseodymium at a pump wavelength of 835 nm [31,32]. 

An optimum conversion efficiency is observed for ZBLAN optical wave- 
guides with typical doping levels of 1000 ppm whereby the core diameter of 
the active waveguide is 3.5 pm and the numerical aperture NA = 0.2. The 
cut-off wavelength for these geometries is near 0.9 pm. Nevertheless it is pos- 
sible to produce diffraction-limited visible radiation in these waveguides as 
higher transversal modes suffer greater losses than transversal fundamental 
modes, and the fundamental modes can reduce the hole inversion in the active 
core of the fiber. 

The dependence of the laser-output power on the pump wavelength for 
erbium-doped fibers is shown in Fig. 14. Over a tuning range of Aa = 5nm a 
reduction in laser-output power is practically not observable, as it is possible 
to optimize the interaction length and therefore realize an almost-complete 
absorption of the pump radiation even beyond the absorption maximum. A 
laser spectrum of a praseodymium fiber laser is shown in Fig. 15. The spectral 
bandwidth of the system for a central wavelength of 635 nm is Aa = 2 nm. 
Optical-to-optical efficiencies up to 30% have been obtained for pumping 
powers of 300 mW. Recently, we achieved a power scaling of this visible- 
spectrum system by a first ever transfer of the double-clad concept to up- 
conversion fiber lasers [33]. 

The fiber-laser concept thus offers the possibility to obtain highly efficient 
and compact sources of coherent radiation in the visible and near-infrared 
spectral ranges. As a result of their structure fiber lasers show an immunity to 
thermo-optical effects while at the same time allow a simple miniaturization. 
This, combined with diode-laser pumping sources, provides an almost perfect 




Fig. 14. Laser output power of an erbium-doped fiber laser in the visible spectral 
region as a function of the pump-laser wavelength. The upper laser level is excited 
by two-photon absorption of near-infrared diode-laser radiation 
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Fig. 15. Emission spectrum of a praseodymium/ytterbium fiber laser in the red 
spectral region excited by a diode laser with an emission wavelength of 840 nm. 
The integrated output power amounts to 50 mW 



source of coherent radiation for a multitude of applications in science and 
technology. 



3 Thin-Disk Laser 

In this section the new thin-disk laser design for diode-pumped solid-state 
lasers will be introduced and discussed in detail. It will be demonstrated that, 
realizing this concept, high-power diode-pumped solid-state lasers become 
feasible which simultaneously yield high efficiency and good beam quality. In 
addition, this design also shows excellent results with quasi-three-level laser- 
active materials like Yb:YAG, which cannot be operated with good results 
in the classical scheme using thick rods or slabs. 

As discussed in Sect. 1.1 thermal management of the waste heat generated 
in the laser-active medium is an essential part of each solid-state laser design. 
To remove the waste heat effectively out of the material, we use a very thin 
disk (thickness about 200 pm, diameter up to 12 mm) with one face mounted 
on a heat sink. So the heat is effectively conducted into the heat sink. This 
is the basic concept of the thin-disk laser. Additionally, to reduce the waste 
heat generated in the laser crystal it is necessary to use laser-active materials 
with low energy difference between pump and laser photons resulting in high 
efficiency and a low fraction of waste heat. 

In the following the design considerations of the thin-disk laser are ex- 
plained in detail and also the results of some numerical simulations are shown 
demonstrating the potential of this new concept. In the last part experimen- 
tal results are discussed for two different pump designs. Special attention 
is paid to demonstrate the scalability laws to high output power with good 
beam quality and high efficiency. 
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3.1 Design Considerations 

The basic principle of the thin-disk laser design is the use of a very thin 
laser crystal disk with one face mounted on a heat sink [35]. Figure 16 shows 
the fundamental scheme of this laser design. The thickness of the crystal 
disk is small compared to the diameter of the pumped area. The disk itself 
is anti-reflection coated for both pump and laser wavelengths at the front 
side and high-reflection coated for both wavelengths at the rear side which is 
mounted on the cooling device. The pump radiation is imaged onto the disk 
from the front side under oblique angles passing the disk at least twice. (The 
unabsorbed portion of the pump radiation is reflected at the rear side of the 
crystal.) The laser resonator is built by the disk itself and an outcoupling 
mirror in front of the thin disk as shown in Fig. 16. Alternatively, the disk 
may act as a folding mirror in a V-shaped resonator. 

For keeping the disk thin and for achieving sufficient (> 80%) absorp- 
tion, the pump radiation passes the disk several times, thus exploiting the 
non-absorbed fraction. Pump designs with 8 and 16 passes of the pump ra- 
diation through the disk have been developed and will be discussed in detail 
in Sect. 3.4. 

This thin-disk design reduces the volume-to-cooling-surface ratio of the 
crystal drastically, as discussed in Sect. 1.1 and also in [34]. Therefore, high 
pump-power densities can be applied without a high-temperature rise within 
the crystal. Furthermore, together with a flat-top pump-beam profile, this 
disk geometry leads to an almost homogeneous and one-dimensional heat 
flux perpendicular to the surface of the disk. Thermal distortions are there- 
fore strongly reduced compared to conventional cooling schemes. To a first 
approximation no thermal lens of the disk occurs and also no thermally in- 
duced birefringence can be observed. As a result, the times-diffraction-limit- 
factor of such a thin-disk laser can be close to 1 even at high output 
power and also with high efficiency [36,37,38]. 

The output power of such a thin-disk laser can be scaled easily by increas- 
ing the diameter of the pumped area keeping the pump-power density con- 




Thin-disk crystal 

radiation coupler 



Fig. 16. Schematic principle scheme of the thin-disk laser design 
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stant. Because of the nearly one-dimensional heat flux no additional thermal 
distortions will occur, so that the beam-quality aspects remain unaffected. 
Another approach to scale the laser-output power into even the kilowatt range 
is the use of several disks in one resonator, where each disk is used as a folding 
mirror for the laser radiation inside the resonator [39]. 

Due to the low temperature rise inside the laser-active material, this thin- 
disk laser design is particularly suited for quasi-three-level laser systems. In 
this case a high pump-power density is necessary to reach laser threshold 
but without heating the crystal too much, since the threshold power itself is 
strongly dependent on the crystal temperature [27,40]. 

Especially the quasi-three-level system Yb:YAG is a very promising laser- 
active material since the quantum defect for Yb, which is the energy difference 
between pump and laser photons, is less than 10% [7] and because there are 
no losses due to excited-state absorption, up-conversion or cross-relaxation 
in Yb-doped materials. This material seems to be most appropriate for high- 
power laser systems if the temperature can be kept low at high pump-power 
densities that are necessary for exciting this quasi-three-level system. The 
thin-disk laser design may therefore play an important role for the employ- 
ment of Yb-doped laser-active materials with superior properties, as will be 
shown later. 

3.2 Numerical Simulation of the Thin-Disk Laser 

In order to be able to predict and to explain experimental results more ac- 
curately as compared to simple analytical descriptions, a comprehensive nu- 
merical model has been developed for CW operation of the thin-disk laser 
system [41]. 

In this model CW operation of the thin-disk laser is numerically simulated 
in three distinct steps which are also based upon the experimental setups 
which we have realized and which are described in detail in Sect. 3.4. 

1. In the first step the distribution of the absorbed pump power within the 
crystal is calculated using Monte-Carlo ray tracing taking into account vari- 
ations of pump-power absorption with crystal temperature and population 
inversion. 

2. In the second step the temperature distribution within the crystal disk 
is calculated. The sources of heat considered for this calculation are the 
conversion loss between pump and laser photon energy as well as the ab- 
sorption losses of the pump and laser radiation within the coatings. 

3. The population inversion and the laser-output power are calculated in the 
third step assuming an ideal plane-parallel and infinitesimally short res- 
onator. 

Steps 1 to 3 are iterated until a steady state is achieved. These steps are 
discussed in greater detail in the following sections. For a detailed presenta- 
tion see also [41]. 
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3.2.1 Absorption Profile of the Pump Radiation 

Calculating the distribution of the absorbed pump power within the crystal 
through Monte-Carlo ray tracing means that the optical paths of randomly 
generated pump photons are followed from the source through the total op- 
tical system, regarding absorption as a statistical process. 

The starting conditions for the pump radiation are chosen such that the 
wavelength distribution, the angle distribution and the power-density distri- 
bution match the experimentally determined parameters of the pump sources 
which are used for the experiments. With this procedure any pump source 
like the end of a single fiber, the end of a fiber bundle or a complete stacked 
laser-diode array imaged through an aperture (which can also be regarded as 
the source) can be used as a source for pumping the thin-disk laser. Every 
photon starts with a random (lateral) position at the source, with a random 
angle to the axis which is perpendicular to the source, and with a random 
wavelength. 

The paths of the photons are then followed through the system along 
the various mirrors and through the crystal until they are absorbed, miss a 
mirror or the disk or leave the system again after the designated number of 
passes through the crystal. Photons absorbed in the crystal disk are counted 
in elements of a mesh, into which the crystal is divided. Such a mesh typically 
consists of 20 layers perpendicular to the crystal axis (z axis), 60 rings in the 
radial direction and 40 angular segments (Fig. 17). 

In these calculations, when following the paths of the photons through the 
crystal, the variation of the absorption coefficient with temperature and the 
bleaching of absorption due to population-inversion are taken into account. 




Fig. 17. Schematic drawing of the crystal mesh for the calculation of absorption 



3.2.2 Temperature Profile within the Crystal 

Since all pump designs for the thin-disk lasers discussed in this review result 
in pump profiles within the disk which are nearly symmetric around the disk 
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axis (z axis), the temperature of the crystal is calculated for pump profiles 
of rotational symmetry. Also the output power is calculated for rotationally 
symmetric beams. 

The generated heat, which results from the energy difference between 
pump photons and laser photons (8.6% for Yb:YAG) is taken from the calcu- 
lated absorption distribution by angular averaging and is applied to elements 
of a two-dimensional mesh of a finite-difference program. 

To calculate the temperature rise inside the crystal the heat conductivity 
and its dependence on temperature and doping concentration have also to 
be taken into account. Since all these interrelations are poorly described in 
the literature for the range of operation in a disk, the heat conductivity for 
Yb:YAG as a function of the doping concentration (5-25 at. % doping con- 
centration) and the temperature (330 K to 670 K) has been measured [42]. 
Figure 18 shows the results for various doping concentrations of Yb:YAG 
as well as for undoped YAG. It is remarkable that the heat conductivity at 
room temperature for Yb-doped YAG is strongly reduced compared to un- 
doped YAG. On the other hand, its dependence on the doping concentration 
and the temperature is relatively small whereas the temperature dependence 
for undoped YAG is significantly higher. For the calculations the following 
relation between heat conductivity Ath, temperature T and atomic doping 
concentration Cdop is used 



, , ,/300K-96K\ 

Ath(T, Cdop) — (7.28 — 7.3cdop) ^ J 






mK 



For undoped YAG the relation 



Ath(T) = 10.41 



300K- 96K 
T-96K 



0.63 



W 

mK 



(3) 

(4) 



is used. These relations are expressed by the fitted curves to the experimental 
data in Fig. 18. 

The effect of the heat-sink geometry and the highly reflective coating 
on the thermal characteristics of the disk are determined by the values of 
the heat conductivity of the materials and the heat resistance of the coat- 
ing, respectively. Especially the heat resistance of the coating leads to an 
additional temperature increase in the disk. For high pump-power densities, 
when the waste-heat flux through the coating is also high (100-1000 W/cm^) 
this temperature increase may exceed 50-100° G. Therefore special coatings 
have been developed with high reflectivity and relatively low heat resistance. 
These coatings consist of a metal layer and a stack of a small number of 
dielectric coatings between crystal and metal for increasing the reflectivity to 
about 99.9%. The crystal itself is mounted on a copper plate (thickness 0.5 to 
1 mm) which is cooled from the back side using water or ethanol (for temper- 
atures below 0° G). To achieve a low heat resistance between the copper plate 
and the cooling fluid an impingement cooling system is used where multiple 
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Fig. 18. Heat conductivity of Yb:YAG and undoped YAG in the temperature range 
from 330 K to 670 K 



water jets impinge on the rear side of the copper plate. Indium is used for 
fixing the crystal to the cooling device and for reducing the stress between 
cooling plate and crystal. Finite-Element Models (FEMs) have been used for 
calculating the temperature distribution inside the complete composite disk 
system (copper-indium-coating-disk) , taking into account the heat sources 
inside the disk as described above and the absorption of pump and laser 
radiation inside the coating which also contributes to the total temperature 
rise. 



3.2.3 Output Power and Population Inversion 



Knowing the temperature distribution in the disk and the absorbed pump- 
power density in each mesh element of the crystal disk, it is possible to 
calculate the laser power which can be extracted from an infinitesimally short 
resonator. In the following the equations for calculating the output power are 
given for a quasi-three-level system like Yb:YAG. 

The behavior of the laser can be calculated using the rate equation 



dNi 

dt 



TT/ ( rri\ -^efF 

Wp (7e[l^,T)- 

r Tiwias 



Ni-{N- Ni) exp 



/ U{ujias - m ) 

V kT 



( 5 ) 



with the number of excited ions per time and volume Wp, the fluorescence 
lifetime of the upper-state manifold t, the energy of a laser photon Tii^ias, 
the density of excited ions Ni, the total density of ions N, the emission 
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cross section ae{uj,T) and the temperature T (for the excitation potential 
see (11)). /eff is the effective resonator power density, which results from 
multiple passes through the crystal and varies with the axial position z inside 
the crystal (2 = 0 is located at the back side of the crystal) : 



mj2 



Jeff (z )= Ires ^ I exp g/ - 1 - + CXp - 1 + y^ (6) 



Here m is the number of passes through the crystal, g is the gain coefficient, 
I is the crystal thickness and /res the resonator-power density after reflection 
at the outcoupling mirror. 

The second equation used for calculating the resonator behavior is the 
condition that gain and loss are balanced in steady-state operation: 

m CTe(z) |//i(z) -[N - iVi(z)]exp | 

-kln/?oc + ln(l -T) = 0 (7) 



with Roc denoting the reflectivity of the output coupler and L the resonator 
internal losses. 

Using (5) and the population of the upper-state manifold IVi(z) and the 
resonator-power density /res are adjusted iteratively for every radial position 
of the mesh. The total output power is then given by the radial integral 

Pout = [ /res(r)rdr . (8) 

-^OC J r 

For solving this equation system it is necessary to determine the gain g. 
For a quasi-three-level system the expression for the gain coefficient g{uj, T) 
that includes stimulated emission and absorption is used 



5(w, T) = iViae(c^, T) - iVoCTa(w, T) . (9) 

According to [-50] the absorption and stimulated emission cross sections 
(7a(w,T) and ae{uj,T) are connected at a given frequency lo and a given 
temperature T by a detailed balance relation 

aa.{u>,T) = ae{u>,T) exp[h{ui - g)/kT] . (10) 

Here Tig, is a temperature-dependent excitation potential, given by the rela- 
tion 

fVP 

exp{-fig/kT) = , (11) 

where Nf and are the population densities of the upper and lower mani- 
folds at thermal equilibrium of the unpumped material. 

With this relation, (9) can be rewritten as 

g{uj,T) = (7e{uj,T) {iVi - iVoexp [Ti{uj - g)/kT]} . 



( 12 ) 
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Since all the parameters (absorption, temperature, inversion, and output 
power) are interdependent and influence each other it is necessary to solve 
the complete system iteratively. So all the calculations have to be repeated 
until a steady-state solution has been found. 

3.3 Results and Discussion 

In this section the results of various experiments are presented and discussed. 
Also results from the numerical calculations are demonstrated and compared 
with the measurements. For these measurements two different pump designs 
have been used which are therefore explained in detail, followed by a sec- 
tion reporting the most important results from the calculations before the 
measurements themselves will be depicted and discussed. 

All results reported in the following sections but the last have been 
achieved using Yb:YAG as the laser-active medium. Due to its low quantum 
defect, the low heat generation in this material and the broad absorption 
spectrum, Yb:YAG is a nearly ideal material for diode-pumped solid-state 
lasers [7,43,44] . The quasi-three-level nature of this material and the result- 
ing strong thermal problems with the classical laser designs can be overcome 
by using this material in the thin-disk geometry. 

3.3.1 Pump Design for Eight and Sixteen Passes 
of Pump Radiation 

As explained in Sect. 3.2 it is important to keep the disk thin if all the ad- 
vantages of this design should be exploited. On the other hand, for achieving 
a high optical efficiency, nearly all the pump power must be absorbed within 
the disk. Therefore, crystal thickness, doping concentration and number of 
absorbing passes for the pump radiation have to be carefully balanced. 

In the first experiments eight passes of the pump radiation through the 
disk could be realized. Figure 19 shows a three-dimensional view of the imple- 
mented setup. In these experiments the pump radiation was delivered to the 
laser using a fiber bundle with a numerical aperture of 0.37. Four spherical 
mirrors and one flat mirror beside the disk are used to image the radiation 
from the fiber bundle onto the disk four times. 

First, the pump radiation is imaged directly from the end of the fiber 
bundle, which is located next to the disk, onto the disk by one of the spherical 
mirrors yielding two passes of the pump radiation through the disk. The non- 
absorbed portion of the pump radiation is then re-imaged onto the surface 
of the flat mirror beside the disk. This mirror is tilted so that the reflected 
radiation is imaged again onto the crystal using the third spherical mirror, 
resulting in passes numbers three and four. The so- far non-absorbed pump 
radiation is then re-imaged by the last spherical mirror onto the crystal again 
so that the pump radiation follows the total path back to the fiber bundle 
resulting in the passes numbers five to eight through the disk. In a 400 pm 



394 Andreas Tiinnermann et al. 




thick Yb:YAG disk doped with 10 at. % more than 80% of the pump radiation 
is absorbed. 

The results obtained with this design, which will be discussed later, show 
a significant temperature dependence of the optical efficiency, especially for 
the quasi-three-level system Yb:YAG. To reduce this effect and especially to 
increase the optical efficiency, a new pump scheme with more passes of the 
pump radiation has been developed [45]. 

Additionally, the complexity of the pump design with several imaging 
mirrors has been reduced using only one parabolic mirror for imaging all the 
pump beams onto the thin disk. This new pump scheme has been realized 
for sixteen passes of the pump radiation as shown in Fig. 20. The pump 
radiation from the source (that may be the end of a single fiber, the end of 
a fiber bundle or the radiation from a high-power stacked diode-laser array 
imaged through an aperture) is first collimated by a lens to a beam parallel 
to the optical axis of the parabolic mirror which focuses the off-axis incident 
pump radiation to its focal plane where the thin-disk crystal is located. The 
size of the image is given by the ratio of the focal lengths of the collimating 
lens and the parabolic mirror times the size of the source. 

The non-absorbed pump radiation hits the parabolic mirror a second time 
after two passes through the crystal where it is collimated again. After redi- 
recting the pump radiation onto another site on the parabolic mirror using 
a single roof prism the pump radiation is once more focused onto the crystal 



Fibre-coupled 
diode laser 




Fig. 20. Pump design for sixteen passes of the pump radiation 
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(this gives absorption passes numbers three and four) and the transmitted 
part is collimated again. Two other prisms are used to repeat this procedure 
until the parabolic mirror is used completely. Eight absorption passes are 
realized in this way. In Fig. 20 the sequence of the segments on the parabolic 
mirror used as the pump beam traverses through the setup is indicated by 
the numbers 1 to 8. In order to get another eight absorption passes the pump 
radiation which is not absorbed so far is reflected back by a plane mirror so 
that the pumping optics is passed in the opposite direction. 

If it is possible to use even more segments on the parabolic mirror the 
number of the absorption passes can be further increased by insertion of 
additional roof prisms. The higher the brightness of the pump source and the 
lower the power-density requirements for pumping the disk the more passes 
of the pump radiation can be realized. 

3.3.2 Results from the Numerical Calculations 

The numerical simulations are performed according to the model described 
in Sect. 3.3 and using the real geometries of the two designs described above. 
Also the real cooling-finger design has been used to calculate the temperature 
distribution inside the disk. Some additional parameters used in the model 
are given in Table 3. 



Table 3. Parameters used for modeling the thin-disk laser 



Parameter 


Value 


P 

J- pump 


500 W 


0pump 


3.23 mm 


NApump 


0.093 


'^pump 


940.3 nm 


A Apu^p (FWHM) 


4 nm 


/"parabol 


60 mm 


0parabol 


150 mm 


-^parabol 


99.2% 


2^rism 


99.6% 


Cdop 


10 at. % 


N 


13.8 X 10^°cm“® 


T 


951 ps 


Ue(T) 


[0.942 + 35.78 exp(-0.01152r/K)] x lO’^^cm^ 


L 


0.1% 


m 


2 


Tc 


15° C 


Ath 


0.121KcmVW 


^pump/ Alas 


0.913 


fheat 


0.06 


Ei{cm-^) 


0, 565, 612, 785, 10327, 10624, 10930 
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Fig. 21. Calculated optical efficiency as function of the temperature of the cooling 
fluid for different numbers of passes of the pump radiation through the disk 



Figure 21 shows the calculated optical efficiency (laser power to incident 
pump power) as a function of the temperature of the cooling fluid for different 
numbers of passes of the pump radiation through the crystal. For each data 
point the thickness of the crystal has been optimized in the simulations. The 
doping concentration for these calculations was 10 at. % throughout. 

As can be seen from Fig. 21 the efficiency for Yb:YAG strongly depends 
on the number of pump passes, especially for high temperatures. This is due 
to three effects which are related to the reduced crystal thickness with higher 
number of pump passes: first, the optimum total absorbed power in the disk 
increases for maximum efficiency with an increasing number of passes; second, 
the maximum crystal temperature decreases because of the reduced crystal 
thickness and third, since the number of Yb^^ ions which must be pumped 
to transparency also scales linearly with the crystal thickness, the threshold 
pump-power density of a quasi-three-level system is lower for thinner crystals. 
It is deduced from these results that increasing the number of pump passes 
is a very effective way to enhance the optical efficiency. 

The temperature distribution inside the disk is shown in Fig. 22 for six- 
teen absorption passes. These calculations were performed for the optimal 
crystal thickness and for 500 W of pump power at an incident power density 
of 5kW/cm^. The temperature of the cooling fluid was taken to be 15° C. 
Figure 23 shows the temperature on the optical axis as a function of the z 
position. All the parameters for the simulation are listed in Table 3. 

Figure 24 shows the optical efficiency as a function of the pump power 
for eight and sixteen passes of the pump radiation for the pump designs 
used, operated at a cooling-fluid temperature of 15° C for a pump power 
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Fig. 22. Temperature distribution inside the disk, mounted on a cooling plate, for 
the case of sixteen absorption passes 




Axial position (mm) 



Fig. 23. Temperature of the cooling system and of the disk along the laser axis 



of 60 W. Additionally, measured values are also shown for sixteen passes, 
indicating a very good agreement between simulations and measurements. An 
absolute increase in optical efficiency of more than 10% at room temperature 
is predicted for the new pump design (sixteen passes) compared to the old 
one (eight passes). 

3.3.3 Experimental Results 

Comparable results for both pump designs are presented in Fig. 25 for eight 
passes and in Fig. 26 for sixteen passes of pump radiation. The results are 
quite similar for multimode and for TEMoo-mode operation. For the multi- 
mode operation a resonator length of 6.5 cm and an outcoupler with a cur- 
vature r = 0.5 m have been used. This results in an output power of more 
than 35 W with optical efficiencies of 55.2% (eight passes) and 57.7% (six- 
teen passes). Also the times-diffraction- limit-factor IVP is roughly the same 
(6. 5-7.1). 
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Fig. 24. Optical efficiency as function of the incident pump power for eight and for 
sixteen passes 
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Fig. 25. Laser output power and times-diffraction-limit-factor for the pump design 
with eight absorption passes 



Increasing the length of the resonator between 30 and 50 cm results in a 
TEMoo-mode operation with = 1.06 for eight passes and = 1.01 for 
sixteen passes with an efficiency of more than 50% for both pump designs. 
The only difference is the temperature of the cooling ffuid which is —43° C 
for eight passes and +15° C for sixteen passes of the pump radiation. 

Besides these results, further experiments were carried out to measure 
the maximum output power and the times-diffraction-limit-factor at various 
resonator configurations. Figure 27 demonstrates that the optical efficiency 
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Fig. 26. Laser output power and times-diffraction-limit-factor for the pump design 
with sixteen absorption passes 
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Fig. 27. Optical efficiency versus times-diffraction-limit-factor for eight and sixteen 
absorption passes of the pump radiation 
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is the same for both pump designs and nearly independent of the measured 
beam quality. 

Comparing the results for eight and sixteen absorption passes it is rather 
obvious that, for achieving the same optical efficiency, the temperature of 
the cooling fluid can be 40° C to 60° C higher for sixteen absorption passes 
than for eight absorption passes. Figure 28 compares several measurements 
with eight absorption passes to one measurement with sixteen absorption 
passes, demonstrating the advantage of the higher number of pump passes at 
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Fig. 28. Optical efficiency as function of the cooling-fluid temperature for eight 
and sixteen passes of the pump radiation 



the cooling-fluid temperature of 15° C. Also the excellent agreement to the 
simulated efficiencies in Fig. 21 is remarkable. 

3.3.4 Power Scalability 

As already mentioned in Sect. 3.1 the power of the thin-disk laser can be 
increased by increasing the pump spot diameter at constant pump-power 
density. It is mandatory to keep the pump-power density constant especially 
for quasi-three-level systems like Yb:YAG since the threshold-power density 
is high. 

Figure 29 shows the results for a disk pumped with more than 1 kW of 
optical pump power using sixteen passes for absorbing the pump radiation. 
The maximum output power was nearly 500 W with an optical efficiency of 
48%. For this laser the pump radiation from two stacked diode-laser arrays 
was focused into a rod (made from quartz) to homogenize the pump-beam 
profile. The end of the rod was then imaged onto the disk using the design 
shown in Fig. 20. The diameter of the pumped area was measured to be 
6 mm, and the maximum incident power density was 4kW/cm^. 

Figure 30 shows the efficiency as a function of the cooling-fluid tempera- 
ture for different high-power thin-disk lasers pumped with eight and sixteen 
pump passes, respectively. Comparing this efficiency for a high pump power 
(Fig. 30) with that for a lower pump power (Fig. 28) clearly shows the influ- 
ence of some three-dimensional (waste) heat flux inside the disk for smaller 
pump spot diameters, reducing the temperature of the disk. Nevertheless, 
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Fig. 29. Laser output power and optical efficiency versus incident pump power 
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Fig. 30. Optical efficiency as function of the cooling-fluid temperature for eight 
and sixteen absorption passes of the pump radiation 



50% optical efficiency is achievable for high pump and laser power setups to 
be operated at a cooling-fluid temperature of 15° C. 

Another way for increasing the output power is the use of several disks 
in one resonator. In this case each of the disks acts as a folding mirror in the 
cavity resulting in a zig-zag configuration of the laser resonator. Figure 31 
shows the design of the resonator used for these scaling experiments. In this 
case the pump radiation is split for pumping both crystals. 
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Fig. 32. Laser output power and optical efficiency using two disks with two inde- 
pendent resonators (squares) and combined within one resonator (triangles) 



Figure 32 demonstrates the power scalability by using two disks according 
to the setup shown in Fig. 31. The efficiency is nearly the same compared 
to the results with one disk (the small reduction is mainly due to the ad- 
ditional losses from the additional mirrors inside the resonator). Applying 
this concept, the power of the thin-disk laser can be scaled into the kilowatt 
range. 



3.3.5 Other Materials than Yb:YAG 

The thin-disk laser design can be used with the same advantages as for 
Yb:YAG for a wide range of other laser materials. So far, this design has 
been operated with the following materials 
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• Nd:YAG (1.064 pm, 1.32 pm, and 946 nm) [46] 

• Nd:YV04 [47,48] 

• Tm:YAG [49]. 

Figure 33 demonstrates laser results using Nd:YAG as laser-active mate- 
rial. 45 W GW output power at 50% optical efficiency has been demonstrated. 
It is expected that many more laser-active materials can be operated with 
the thin-disk laser design also leading to a strong reduction of thermal effects. 
Therefore, high output power, high efficiency and good focusability are no 
longer contradictory for solid-state lasers. 

3.4 Conclusion 

The thin-disk laser design is a novel concept that allows us to build diode- 
pumped solid-state lasers with high output power (up to the kilowatt range) , 
with high efficiency (> 50% optical-optical) and excellent beam quality 
(M^ « 1 up to several hundred watts, <C 10 for lasers in the kilo- 
watt range), simultaneously. Additionally, with this design quasi-three-level 
laser materials can be used that yield the highest efficiency values for high- 
power lasers. Among these, Yb-doped materials will play an important role 
in industrial high-power laser systems of the future. 
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